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In plants and mammals, the enrichment of the histone H3 variant H3.3 is correlated to 
gene expression. Several pathways responsible for H3.3 deposition were identified in 
mammals including HIRA-dependent H3.3 deposition at the bodies of active genes and 
promoters and ATRX/Daxx-dependent H3.3 deposition at telomeres and pericentric 
heterochromatin regions. In plants, the HIRA complex also performs as a histone H3.3 
chaperone, but the absence of plant Daxx homologue suggests the mechanism of this 
pathway might be distinct between plants and mammals. An ATRX homolog is 
conserved in plants but the function of this protein has never been reported. I therefore 
studied the role played by ATRX as a potential histone H3.3 deposition candidate using a 
plant model system, Arabidopsis thaliana.  
 
Using different methods such as bioinformatics, genetics, cell biology, molecular 
biology and biochemistry, I was able to reach the following conclusions 1) plant and 
animal ATRX homologues are likely to have distinct functions due to the different 
arrangement of the two ATRX functional domains (ADD and helicase) and the presence 
of additional specific domains; 2) unlike mammalian ATRX that localizes to pericentric 
heterochromatin and telomeres, Arabidopsis ATRX localizes to euchromatin as well as 
nucleolar rDNA foci ; 3) The Arabidopsis ADD domain does not share the ligand of 
human ADD and binds to histone H3 peptide decorated by H3R26Cit; 4) Arabidopsis 
ATRX and HIRA act redundantly at least during male gametogenesis and embryonic 
development; 5) ATRX and HIRA share similar gene targets related to H3.3 dynamics at 
 viii!
genomic level; 6) ATRX is likely to maintain H3.3 enrichment on chromatin of FLC , a 
gene controlling flowering time,  and interacts with PRC2-like complexes to repress FLC 
expression and promote floral transition. 
  
Collectively, this study uncovered the functions of the potential candidate of 
Arabidopsis histone H3.3 chromatin-remodeling factor ATRX and suggests that 
Arabidopsis ATRX regulates H3.3 dynamics in a unique manner that differs from both 
mammalian and Drosophila ATRX. Regarding to the relatively high conservation of 
ATRX in the plant kingdom, the outcome of this study on ATRX function might also be 
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In this section, the terms chromatin and epigenetics are introduced. Various actors 
involved in epigenetic controls including histone variants are discussed. Recent findings 
in histone variants’ chaperones, especially H3.3 chaperones in animals are highlighted. 
This chapter provides the general background and the reason for the study of the 
homologue of chromatin-remodeling factor: ATRX in Arabidopsis thaliana.  
 
In eukaryotic cells, DNA is associated with proteins to form the chromatin. The basic 
unit of chromatin is the nucleosome, which contains two molecules of each core histone: 
H2A, H2B, H3 and H4, forming an octamer, around which is wrapped ~146bp of DNA. 
The primary function of nucleosomes is to compact the DNA together with other 
chromatin-associated proteins such as histone H1. From cytological data the chromatin is 
divided into two domains depending on their condensation state, the condensed 
heterochromatin and less condensed euchromatin. Functionally, euchromatin contains the 
transcriptionally active genes whereas heterochromatin hosts silent genes, transposable 
elements and a large portion of the genome that does not contain genes. Although DNA 
carries genetic information, the chromatin participates in the regulation of gene 
expression and definition of cell identity. Indeed different cell types are characterized by 
distinct transcriptomes, which result from inheritable changes in gene expression that are 
not caused by changes in DNA sequence, and referred to as “epigenetic”. Two major 
 2!
factors that modify nucleosome to regulate epigenetic controls have been identified: 
DNA methylation, and histone post-translational modifications (Probst et al., 2009). 
More recently, it has been recognized that the distribution and incorporation of histone 
variants into nucleosomes provide an additional layer of epigenetic control (Figure 1) 

























Figure 1 Epigenetic marks on nucleosomes. Schematic view of nucleosome (octamer of hemispheres) 
wrapped by DNA (blue) with examples of chromatin modifications: histone modifications, such as 
phosphorylation (yellow), methylation (red) and acetylation (green); DNA methylation (red); and the 






In most eukaryotes, each histone family (H1, H2A, H2B, H3 or H4) comprises several 
variants distinguished by their amino acid sequence. Among all histone families, histone 
H3 variants (CenH3, H3.1 and H3.3) show very distinct distribution patterns. For 
example, histone CenH3 differs from other histone H3s by an extended N-terminal 
domain that evolves rapidly and is exclusively associated with centromere nucleosomes 
(Fang and Spector, 2005; Fransz et al., 2002; Talbert et al., 2002). Histone H3.3 differs 
from H3.1 by only a few amino acids (for example, 5 in mammals and 4 in Arabidopsis) 
(Figure 2 A and B), as well as their expression pattern (expression of H3.3 is cell cycle 
independent whereas H3.1 is cell cycle dependent) and mode of deposition by distinct 
machineries (Ahmad and Henikoff, 2002; Drane et al., 2010; Goldberg et al., 2010; 
Lewis et al., 2010; Tagami et al., 2004).   As in animals, Arabidopsis H3.1 localizes both 
to euchromatin and heterochromatin whereas H3.3 localizes to the bodies of active genes 
on euchromatin (Stroud et al., 2012; Wollmann et al., 2012). More specifically, H3.3 is 
predominantly enriched at transcription end sites (TES) of genes, in a transcription level 
dependent manner (Goldberg et al., 2010; Ooi et al., 2010; Ray-Gallet et al., 2011; Stroud 
et al., 2012; Wollmann et al., 2012). This distinctive pattern overlaps with the enrichment 
of RNA polymerase II (RNAPII) (Ray-Gallet et al., 2011; Wollmann et al., 2012). The 
rather unique pattern of H3.3 and its association with gene expression suggest a direct 
mechanistic link between H3.3 enrichment and transcription.  
 
The distribution of histone variants depends on a group of proteins named histone 
chaperones. It is believed that non-incorporated histones are associated with their 
chaperones (Tagami et al., 2004). Histone chaperones provide guidance for spatial and 
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temporal incorporation or eviction of histones into or from nucleosomes. Basically, non-
incorporated H3.1 and H3.3 are found in distinct chaperone complexes. The Chromatin 
Assembly Factor 1 (CAF1) complex chaperones H3.1 whereas the Histone Related 
Protein A (HIRA) and the Death Domain-associated Protein (Daxx) were identified as 
Histone H3.3 chaperones (Figure 2 C) (Drane et al., 2010; Elsasser et al., 2012; Goldberg 
et al., 2010; Lewis et al., 2010; Tagami et al., 2004). In Arabidopsis, the conserved CAF1 
complex is formed by FASCIATA1 (FAS1), FASCIATA2 (FAS2) and MULTICOPY 
SUPPRESSOR OF IRA1 (MSI1) and performs as a H3.1 chaperone in a cell cycle 
dependent manner (Stroud et al., 2012). In addition, Anti-Silencing Factor 1 (ASF1) that 
is conserved in all eukaryotes studied was found in complexes with H3.1 as well as with 
H3.3 and can interact with both CAF-1 and HIRA (Figure 2 C) (Song et al., 2013). 
Arabidopsis ASF1 homologues, ASF1A and ASF1B are crucial for chromatin replication 















Figure 2 Features of Histone H3.1 and H3.3. (A) and (B) protein sequence alignment of histone H3.1 
and H3.3 from Arabidopsis and human, respectively. Red arrows indicate the amino acids that differ H3.1 







ART KQTARKS TGGKAPRKQL AT KAARKSAP ATGGVKKPHR FRPGT VALRE I RKYQKST EL L I RKL PFQRL VRE I AQD FKT
ART KQTARKS TGGKAPRKQL AT KAARKSAP T TGGVKKPHR YRPGT VALRE I RKYQKST EL L I RKL PFQRL VRE I AQD FKT
D LRFQSSAVA ALQEAAEAY L VGL F EDTN LC A I HAKRVT I M PKD I QLARR I RGERA
D LRFQSHAV L ALQEAAEAY L VGL F EDTN LC A I HAKRVT I M PKD I QLARR I RGERA
1
ART KQTARKS TGGKAPRKQL AT KAARKSAP ATGGVKKPHR YRPGT VALRE I RRYQKST EL L I RKL PFQRL VRE I AQD FKT
ART KQTARKS TGGKAPRKQL AT KAARKSAP STGGVKKPHR YRPGT VALRE I RRYQKST EL L I RKL PFQRL VRE I AQD FKT
D LRFQSSAVM ALQEACEAY L VGL F EDTN LC A I HAKRVT I M PKD I QLARR I RGERA





87 90 89 96 
ASF1 








Cell cycle dependent Cell cycle independent 
 7!
In mammals, HIRA incorporates H3.3 into the bodies of active genes whereas the !-
thalassemia/mental retardation X-linked protein (ATRX), a chromatin-remodeling factor, 
interacts with Daxx and together they participate in H3.3 incorporation at telomeres and 
pericentric heterochromatin regions (Figure 3)  (Drane et al., 2010; Goldberg et al., 2010; 
Lewis et al., 2010). In plants, H3.3 deposition machineries have not been identified. 
Since HIRA and ATRX, but not DAXX, have their homologues in Arabidopsis, these two 
genes are therefore the potential candidates that encode Arabidopsis histone H3.3 
chaperone and chromatin-remodeling factor, respectively. In plants, the function of HIRA 
homologue as a histone H3.3 chaperone is conserved (Nie et al., 2014). In contrast, there 
are to date no report about the function of a plant ATRX homologue (Otero et al., 2014) 
and whether it plays similar roles as in animals remains unknown. This study is focused 



















Figure 3 Histone H3.3 incorporation machineries in mammals. Schematic view of mammalian histone 
H3.3 incorporation by two distinct machineries in mammals: 1) HIRA dependent H3.3 incorporation at 
bodies of active genes and promoters; 2) ATRX/Daxx dependent H3.3 incorporation at pericentric 
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1.2 Literature Review 
 
In this chapter, I review the studies related to ATRX and its functions. I discuss the 
different roles of ATRX at the cellular and molecular levels in animals. This review ends 
with a proposal for understanding the function and roles of ATRX in plants relative to 



















1.2.1 ATR-X syndrome and ATRX gene 
 
 ATR-X syndrome was first named during the study of a group of patients with ! 
thalassaemia and mental retardation (ATR)(Gibbons et al., 1991). Unlike common ! 
thalassaemia disease that is caused by haemoglobin H (HbH) deficiency (more than 50% 
reduction in synthesis of the !-globin chains of adult haemoglobin), no mutation in both 
allelic !-globin could be detected in ATR patients. In addition to this unusual mild form 
of HbH disease, ATR patients showed a remarkably uniform phenotype: severe mental 
retardation, characteristic dysmorphic facies and genital abnormalities (Wilkie et al., 
1990a; Wilkie et al., 1990b). As this phenotype is linked to chromosome X, the syndrome 
was thereby termed as ATR-X (Gibbons et al., 1991). 
 
The ATR-X syndrome is caused by mutations in a gene named ATRX. It is located on 
the X chromosome (Xq13), which spans 300kb of genomic DNA and contains 36 exons 
(Gibbons et al., 1995; Picketts et al., 1996). ATRX encodes at least two alternative spliced 
10.5-kb mRNA transcripts that differ at 5’ends (alternative splicing at exon 6) and are 
predicted to give rise to two slightly different proteins of 280 and 265 kDa. In addition, a 
shorter 7-kb ATRX transcript isoform retaining intron 11 gives rise to a truncated protein 
named ATRXt (150 kDa) and is also produced both in mice and humans (Figure 4) 











Figure 4 The human ATRX gene and ATRX transcripts. Schematic representation of the human ATRX 
genomic DNA and related transcripts. The boxes represent the 36 exons. The introns are not to scale. The 
alternative splicing of exons 6 and 7 is indicated. Three ATRX mRNAs and the corresponding proteins are 
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1.2.2 ATRX protein and its functions 
 
1.2.2.1 ATRX functional domains and its localization 
 
Since the identification of the gene that causes the genetic disorder ATR-X syndrome, 
the ATRX protein functions have been extensively studied. Until now 127 mutations 
have been identified in patients suffering from ATR-X syndrome. These mutations are 
located in two highly conserved domains (Figure 5) (Gibbons et al., 2008). One of these 
two domains, called the ATRX-DNMT3-DNMT3L (ADD) domain, is located at the N-
terminus and contains a PHD zinc finger domain packed against a GATA-like zinc finger 
(Figure 5) (Argentaro et al., 2007; McDowell et al., 1999). The ADD domain 
preferentially interacts with histone H3 non-methylated at Lysine 4 (H3K4me0) and tri-
methylated at Lysine 9 (H3K9me3) (Eustermann et al., 2011; Iwase et al., 2011). The 
other domain named helicase domain is located at the C-terminus of ATRX protein and 
contains two highly conserved subdomains: the helicase ATP binding domain 
(Helicase_ATP_BIND) and the helicase C-terminal domain (Helicase_C) (Figure 5). This 
helicase domain identifies ATRX as a member of the sucrose non-fermenting 2 (SNF2) 
family of chromatin-associated proteins that remodel, remove, or slide nucleosomes 
(Flaus et al., 2006). However, despite acting as ATP-driven molecular motors, ATRX is 
most closely related to a subgroup that performs poorly in chromatin remodeling assays, 











Figure 5 Human ATRX functional motif and domains. Schematic representation of human ATRX 
protein with highlighted functional motif and domains; missense mutations (small circles) associated with 












The subcellular localization of ATRX is observed at telomeres and pericentric 
heterochromatin regions using immunofluorescence staining (McDowell et al., 1999). 
More precisely, it has been shown that ATRX localizes at repeats present in 
heterochromatin, telomeres and rDNA and within promyelocytic leukemia protein 
nuclear bodies (PML-NBs, macromolecular complexes that regulate a wide range of 
cellular process) (Borden, 2002; Gibbons et al., 2000; McDowell et al., 1999; Salomoni 
and Pandolfi, 2002; Xue et al., 2003). The PML-NBs themselves are often associated 
with heterochromatic structures including telomeres. ATRX has been found to interact 
with the Death Domain-associated Protein (Daxx) and it has been suggested that Daxx 
recruits ATRX to the PML-NBs (Ishov et al., 2004; Tang et al., 2004; Xue et al., 2003). 
ATRX also interacts with Heterochromatin Protein 1 (HP1) through a ‘Leu-X-Val-X-
Leu’ (LxVxL) HP1 interaction motif located in between the two functional domains of 
the ATRX protein (Kourmouli et al., 2005; Lechner et al., 2005; McDowell et al., 1999; 
Picketts et al., 1998). HP1 proteins (HP1! and ") are widely associated with 
heterochomatin, including telomeres (Berube et al., 2000). Recent studies have shown 
that both the ADD domain that binds to H3K4me0 and H3K9me3 (histone modifications 
enriched at telomeres and pericentric heterochromatin regions) and the HP1 interaction 
motif are required in ATRX protein subcellular localization at telomeres and pericentric 






1.2.2.2 ATRX interacting partners 
 
Mammalian ATRX physically interacts with at least 4 proteins: HP1, Histone H3, 
Daxx and Methyl-CpG-binding protein (MeCP2) (Figure 6). 1) Both in vitro and in vivo 
studies show that ATRX interacts with HP1 through the HP1 interacting motif (LxVxL) 
and this interaction is crucial for ATRX sub-cellular localization (Berube et al., 2000; 
Eustermann et al., 2011; Kourmouli et al., 2005; Le Douarin et al., 1996; Lechner et al., 
2005; McDowell et al., 1999; Picketts et al., 1998).  2) It has been clearly shown that the 
interaction of ATRX and histone H3 is established through the binding of the ATRX 
ADD domain to the histone H3 N-terminal tail decorated by combinatorial modifications: 
H3K4me0 and H3K9me3 (Eustermann et al., 2011; Iwase et al., 2011). 3) Daxx acts as 
histone H3.3 specific chaperone in mammals (Drane et al., 2010; Elsasser et al., 2012; 
Lewis et al., 2010). The interaction between Daxx and ATRX has been shown both in 
vitro and in vivo (Drane et al., 2010; Ishov et al., 2004; Lewis et al., 2010; Tang et al., 
2004; Xue et al., 2003). The Daxx interacting domain of ATRX lies between the HP1 
interacting motif and the Helicase ATP-binding subdomain (Tang et al., 2004).  4) 
MeCP2 is essential for normal brain function (Amir et al., 1999). The interaction between 
ATRX and MeCP2 seems to be tissue specific and is required for the proper localization 
of ATRX at pericentric heterochromatin in mature neurons of mouse brain (Kernohan et 
al., 2010; Nan et al., 2007). Collectively, these studies demonstrate that ATRX interacts 
with different proteins through different motifs/domains, suggesting that ATRX is likely 
to be involved in different cellular functions and that may explain the observation of 









Figure 6 ATRX interacts with at least four proteins. Schematic representation of human/mouse ATRX 
interacting partners: 1) the interaction with HP1 through the “LxVxL” motif; 2) the interaction at 
H3K4me0 and H3K9me3 of histone H3 through ADD domain; 3) the interaction with Daxx through a 
region located in between the “LxVxL” motif and the helicase domain; 4) the interaction with MeCP2 




1.2.2.3 ATRX as a regulator of gene expression  
 
As a chromatin-remodeling factor that interacts with several chromatin-associating 
proteins, ATRX is expected to regulate chromatin structure and gene expression. To date 
the only known human genes whose expression is affected by ATRX mutations are 
located in the !-globin gene cluster (Gibbons et al., 1991). Patients affected by ATRX 
mutations have insufficient expression of !-globin chains that causes the ! thalassaemia. 
The potential mechanism by which ATRX regulates specifically !-globin has been 
reported only recently. ATRX appears to resolve an unusual DNA conformation named 
G-quadruplex (G4) formed by GC-rich variable number tandem repeats (VNTRs) (Law 
et al., 2010b). These VNTRs are present in !-globin but not ! globin gene cluster and the 
number of repeats are variable in different individuals. The G4 structure plays a 
repressive role in gene expression (Lipps and Rhodes, 2009). Thus mutations in the 
ATRX gene would fail to prevent the formation of G4 structure that represses !-globin 
expression (Figure 7). In addition, loss of ATRX results in accumulation of the histone 
variant macroH2A1 at !-globin gene locus as well as telomeres in erythroleukemic cells. 
Moreover, ATRX and macroH2A1 associate in the same complex in a chromatin-free 
cellular fraction. These results suggest that ATRX affects !-globin expression by 
preventing macroH2A1 deposition at !-globin gene locus (Figure 7) (Ratnakumar et al., 
2012). In order to link these two sets of data it would be interesting to know whether 
histone H3.3 incorporation and histone macroH2A1 depletion mediated by ATRX are 
both required to prevent G4 structures.  
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A study in mouse demonstrates that ATRX, MeCP2 and cohesin interact in the mouse 
brain in vivo and regulate the expression of a connected network of imprinted genes 
(Figure 7) (Kernohan et al., 2010). This study proposes that ATRX, MeCP2 and cohesin 
cooperate to silence a subset of imprinted genes in the post-natal mouse brain, and this 
silencing would be essential for normal brain development. This finding thus provides a 
























Figure 7 ATRX as a regulator of gene expression. Schematic representation of gene expression 
regulation by ATRX: ATRX positively regulates the !-globin gene cluster by 1) suppressing formation of 
DNA G4 structure at GC-rich variable number tandem repeats (VNTRs) region and 2) sequestering 
macroH2A1 incorporation at the !-globin gene cluster; ATRX interacts with MeCP2 and cohesin to silence 
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1.2.2.4 Biological functions of ATRX during development 
 
The interaction with HP1 further links ATRX function to heterochromatin and 
chromosome segregation. In metazoan HP1 possesses a chromodomain that binds to 
H3K9me3. This binding is an essential step for the nucleation of heterochromatin 
formation and proper chromosome segregation. Indeed, a growing body of evidence 
indicates that ATRX plays an important role for proper chromosome segregation both 
during mitosis in somatic cells (human and mouse) and also meiosis in the mammalian 
oocyte (mouse); these functions provide possible explanations for abnormalities 
associated with ATRX deficiency in mouse such as: reduced cortical size, abnormal brain 
development, and reduced fertility of females (Baumann et al., 2010; Berube et al., 2000; 
De La Fuente et al., 2004; McDowell et al., 1999; Ritchie et al., 2008). ATRX and HP1 
interaction also happens at interphase of the cell cycle (Berube et al., 2000). It has been 
found that loss of ATRX in embryonic stem cells (ESCs) leads to reduced cell-growth 
and a higher rate of spontaneous differentiation (Garrick et al., 2006). A recent study 
demonstrated that ATRX maintains telomere structure integrity through interaction with 
histone H3.3 variant and HP1! in pluripotent ESCs (Wong et al., 2010). These findings 
suggest the important role of ATRX in regulating chromatin structure during cell division 






1.2.3 ATRX and histone H3.3 variant   
 
1.2.3.1 Studies in mammals 
 
Following the demonstration of the role of Daxx as a histone H3.3 variant specific 
chaperone, the biological significance of the interaction between ATRX and Daxx 
became clearer (Drane et al., 2010; Elsasser et al., 2012; Eustermann et al., 2011; Iwase 
et al., 2011; Lewis et al., 2010; Wong et al., 2010). ATRX and Daxx incorporate H3.3 at 
telomeres and pericentric heterochromatin regions (Figure 3). This machinery is 
independent from the HIRA mediated machinery that incorporates H3.3 at promoters and 
gene bodies of transcriptionally active loci (Figure 3) (Drane et al., 2010; Goldberg et al., 
2010; Lewis et al., 2010; Tagami et al., 2004). The ATRX/Daxx mediated H3.3 
incorporation machinery has been implicated in telomere stability, the suppression of 
pancreatic neuroendocrime tumor (panNET) and paediatric glioblastomas (Heaphy et al., 
2011; Jiao et al., 2011; Schwartzentruber et al., 2012). These studies have revealed 
additional roles of histone H3.3 variant that differ from its association with active genes 








1.2.3.2 Studies in fruit fly 
 
Studies of Drosophila ATRX homologue, the X-linked Nuclear Protein (XNP), also 
demonstrate that XNP regulates H3.3 dynamics but in a different manner compared to 
mammals. Although Daxx has its homologue, the Daxx-like Protein (DLP), in 
Drosophila and has been shown to play a similar role in apoptosis activation as reported 
in human (Bodai et al., 2007; Hwang et al., 2013), it is not known whether DLP is a 
Drosophila H3.3 chaperone and interacts with XNP. In addition, Drosophila XNP does 
not contain the ADD domain and has been shown to have two protein isoforms that use 
different start codons on the same mRNA during translation, ATRX185 (~185kDa) and 
ATRX125 (~125kDa) (Figure 8 A) (Bassett et al., 2008; Emelyanov et al., 2010).  
Moreover, these two isoforms have been shown to be involved in distinct complexes and 
have distinct nuclear localization patterns: ATRX185 localizes to heterochromatin and 
interacts with HP1a through the HP1 interacting motif (CxVxL) whereas ATRX125 
localizes to euchromatin and does not contain the HP1 interacting motif (Bassett et al., 
2008; Emelyanov et al., 2010).   Interestingly, studies from Schneiderman et al. do not 
clarify which of the two XNP isoforms they studied and have shown that the endogenous 
XNP localizes to active genes as well as to a single satellite block on the X chromosome 
(Schneiderman et al., 2009).  This single satellite block, also termed as XNP focus, is 
located near the heterochromatin region of the X chromosome and has been shown to be 
a major site of H3.3 deposition, implying a highly dynamic nucleosome replacing 
environment (Schneiderman et al., 2009). More recently, by using an inducible Hsp70 
gene as a controlled in vivo system to deplete nucleosomes from the chromatin, it has 
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been shown that XNP and HIRA are recruited independently to the nucleosome-depleted 
region. This recruitment of either XNP or HIRA facilitates ASF1 mediated H3.3 
nucleosome replacement (Figure 8 B) (Schneiderman et al., 2012). These data suggest 
that XNP and HIRA play a redundant role for H3.3 deposition in Drosophila. So far only 
one XNP dependent gene regulation has been demonstrated: XNP physically interacts 
with a transcription factor named the DNA-Replication Elements Factor (DREF) to 
repress pannier (pnr) gene expression (the pnr gene of Drosophila encodes a zinc-finger 
transcription factor of the GATA family and is involved in several developmental 
processes during embryonic and imaginal development) (Valadez-Graham et al., 2011). 


















Figure 8 ATRX homologue in Drosophila melanogaster. (A) Drosophila ATRX protein with conserved 
ATRX helicase (boxes) and the HP1 interacting motif (CxVxL). The second start codon is indicated (at 
position 266). (B) Model of redundant role of XNP and HIRA in H3.3 nucleosome assembly at 
transcriptional chromatin gaps (modified from Schneiderman et al., 2012). Old nucleosomes (red) are 
disrupted by transcription process. XNP and HIRA bind independently to exposed DNA (blue) at 
chromatin gaps. A predeposition complex containing ASF1 and new H3.3-H4 heterodimers (green) is 
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In plants, patterns of histone H3.1 and H3.3 have been shown to be similar compared 
to those in mammals. The deposition of Arabidopsis H3.3 variant is strongly correlated 
with active genes at euchromatin and enriches towards the end of gene bodies in a 
transcription dependent manner. In contrast, H3.1 localizes mostly to heterochromatin 
and uniformly over gene bodies, and is independent of transcriptional activity (Wollmann 
et al.). In plants, although ATRX appear conserved, its function remains unknown. In 
addition, Daxx does not have a homologue in plants, suggesting the existence of plant 
specific H3.3 regulatory mechanism.  
 
Purpose and scope 
 
The purpose of this study is to understand the mechanisms that control histone H3.3 
variant dynamics and their roles in chromatin structure regulation during plant 
development. I performed a functional analysis of Arabidopsis ATRX homologue. This 
analysis included: 
 
1. Phylogenetic analysis of ATRX. 
2. Isolation and phenotypical study of atrx mutants. 
3. ATRX protein expression and localization pattern.  





This study reveals functions and properties of the Arabidopsis ATRX homologue as 
well as its relationship with H3.3 dynamics that modify chromatin structure and regulate 
gene expression.  Arabidopsis ATRX properties are distinct from those of ATRX in 






















Chapter 2: Materials and Methods 
 
2.1 Plant material  
 
All mutants are in Columbia-0 (Col-0) ecotype. atrx-1 (SALK_024609), atrx-2 
(SALK_025678), atrx-3 (SALK_060705), atrx-4 (SAIL_861), atrx-5 (SALK_072607) T-
DNA lines were obtained from ABRC at Ohio State University. All five atrx T-DNA 
insertions were confirmed by PCR-based genotyping. Primer sequences are described in 
Table 1. hira was previously described (Nie et al., 2014).  h3.3KD was obtained from 
H.Wollmann (unpublished data from our group).  
 
All transgenic lines are in Col-0 ecotype. pHTR13-HTR13GFP (H3.1-GFP), pHTR5-
HTR5-GFP (H3.3-GFP), pHTR10-HTR10-GFP (sperm specific H3.3), pFWA-mCherry 
(central cell marker), pEC1-H2B-RFP (egg cell nucleus marker) and HIRA-GFP were 
previously described (Ingouff et al., 2010; Nie et al., 2014). 
 
2.2 Growth condition and crossing 
 
Seeds were cold treated at 4°C for 3 days and were germinated on Murashige and 
Skoog (MS) medium or soil before germination. Plants were grown in growth chamber 
under long day condition (16 hours light and 8 hours dark at 22°C with 60% humidity). 
Closed flower buds were emasculated to get clean pistil by complete removal of anthers 
containing immature pollen. Pistils were left for 24 hours and then manually pollinated 
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by pollen of donor plants. 
 
2.3 Enzymes and kits 
 
Restriction enzymes were from New England Biolabs. Taq polymerases used for 
genotype were homemade Taq polymerase from Temasek Life Sciences Laboratory and 
commercial DNA polymerase from GE healthcare. KOD-plus DNA polymerase from 
TOYOBO was used for all the cloning. Qiagen RNA miniprep kits were used for normal 
total RNA extraction. Real-time PCR was done with Power SYBR PCR master mix kits 
(ABI). 
 
2.4 Cloning vectors 
 
pDONR Vectors of Gateway system (Invitrogen) were used for PCR fragment cloning. 
Alligator2 (http://www.isv.cnrs-gif.fr/jg/alligator/vectors.html;(Bensmihen et al., 2004)) 
based gateway destination vectors and pAlli-GW43-Tnos (GFP fluorescent seeds 
selection) were developed and used for pATRX-ATRX-GFP constructs.  
 
2.5 Bacterial and agro-bacterial strains 
 
For standard cloning the Escherichia coli strains XL-blue was used. The DB3.1 strain, 
which is resistant to the ccdB gene, was used for propagating the Gateway vectors with 
ccdB gene. Agrobacterium tumefaciens strain C58 was used for plant transformation. For 
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bacterial protein expression BL21 Rosetta DE3 strain was used. 
 
2.6 Making ATRX plasmid constructs  
 
2.6.1 Cloning of pATRX-ATRX-GFP for making transgenic plants  
 
ATRX genomic fragment containing the promoter region and the 5’ UTR region was 
amplified with primers “ATRX promotor 5'UTR primer F attB4” and “ATRX promotor 
5'UTR primer R attB1r” (Table 1) and ATRX cDNA was amplified with primer “ATRX 
cDNA 5' primer attB1” and “ATRX cDNA 3' primer attB2” (Table 1) using the KOD-
plus-PCR kit (Toyobo). PCR fragments were cloned directionally after a BP reaction 
(Invitrogen) into the plasmid pDONR/Zeo (Invitrogen) to generate a pENTRY/Zeo-
pATRX-5’UTR and pENTRY/Zeo-ATRXcDNA entry vectors. Recombination LR 
reactions were performed between a pAlli-2 destination vector and the pENTRY/Zeo-
pATRX-5’UTR and pENTRY/Zeo-ATRXcDNA entry vectors to generate a recombined 
destination plasmid with an ATRX gene with its C-terminus fused to a gene encoding 
green fluorescent protein (pATRX-ATRX-GFP). All the constructs were sequenced and 







2.6.2 GST-atADD and GST-hsADD constructs for bacterial protein expression  
 
For bacterial protein expression constructs, atADD and hsADD sequences were 
amplified with primers described in table 1 using Arabidopsis or human ATRX cDNA as 
template, respectively, using the KOD-plus-PCR kit (Toyobo). The fragments were 
cloned directionally after a BP reaction (Invitrogen) into the plasmid pDONR/Zeo 
(Invitrogen) to generate a pENTRY/Zeo-atADD and pENTRY/Zeo-hsADD entry 
vectors. Recombination LR reactions were performed between a ETG-30A destination 
vector and the pENTRY/Zeo-atADD or pENTRY/Zeo-hsADD entry vector to generate a 
recombined destination plasmid with atADD or hsADD with its N-terminus fused to a 
6X histidine tag and a gene encoding Glutathione S-transferase (GST): (6His)GST-
atADD or (6His)GST-atADD All the constructs were sequenced and confirmed before 
they were used in next processes. 
 
2.7 Plant transformation 
 
The constructs were transformed into Arabidopsis thaliana wild type or mutant plants 
by the floral dip method (Clough and Bent, 1998). In detail, respective construct was 
transformed in to agrobacterium (C58) by electroporation transformation method. 
Transformed colonies were selected on respective antibiotic selection plates. From this 
transforment, 250 mL was cultured overnight and collected by centrifugation. The pellet 
was re-suspended into 250 mL of 5% sucrose and 0.05% Silwet L-77. Siliques and 
opened flower were removed before plants were dipped in the solution for about 1 
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minute. Plants were kept in moist and dark environment for 16 hours and directly 
resumed in long-day growth conditions. Dried seeds were harvested 1 month later. The 
screenings of seeds carrying GFP reporter constructs were preformed under UV by 
dissecting microscope. The Alligator2 origin vectors contain the GFP coding sequence 
driven by a seed storage protein promoter, At2S3, enabling direct visual selection 
(Bensmihen et al., 2004). 
 
2.8 Whole-mounted clearing of seeds 
 
For the examination of seed development, seeds were cleared in 8:1:3 (W/V/V) chloral 
hydrate:glycerol:water for 1–2 hours. The cleared seeds were examined using 
differential-interference-contrast (DIC) optics on a Leica DM4500B microscope, and 




Immunofluorescence experiments examining the protein subcellular localization in the 
nuclei were performed as previously described (Jacob et al., 2009), with the following 
modifications. 10 days old seedlings of transgenic plants or mutants were collected and 
fixed immediately in 4% paraformaldehyde (16% methanol-free) in TRIS buffer (10 mM 
TRIS pH 7.5, 10 mM EDTA, 100mM NaCl) for 20 minutes and washed twice (10 
minutes for each wash) in TRIS buffer. Nuclei were isolated by chopping using a razor 
blade in 400 µL LB01 lysis buffer (15 mM TRIS pH 7.5, 2 mM EDTA, 0.5 mM 
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spermine, 80 mM KCl, 20 mM NaCl, 0.1% Triton X-100) in a small Petri dish on ice to a 
fine suspension and filtered through a 40-micron cell strainer. Nuclei were washed 1or 2 
times and concentrated by centrifugation at 500g for 3 minutes in LB01 lysis buffer. 2-5 
µL of concentrated Nuclei were then post-fixed on chamber slide (Lab-Tek) in 4% 
paraformaldehyde in PBS for 30 minutes at room temperature followed by 3 times 5 
minutes-wash in PBS and incubated in blocking buffer (1% BSA in PBS) for 30 minutes 
at 37°C. Primary antibodies (Table 2) were diluted to 1:200 in 1% BSA in PBS and 100 
µL antibody solution per chamber were added to the nuclei and incubated at 4°C 
overnight. After 3 time 10 minutes-wash in PBS at room temperature, nuclei were 
incubated with respective secondary antibody (goat anti-mouse or anti-rabbit 488 or 555, 
Invitrogen, with 1:200 dilution) for 30 minutes at 37°C. Following three PBS washes, 
nuclei were counterstained and mounted in Vectashield mounting media with DAPI 
(Vector H-1200). 
 
2.10 RNA analyses 
 
Total RNA was prepared with RNeasy-plus Mini kit (Qiagen, Chatsworth, CA) from 
5-day and 10 days old seedlings (day 5 and day 10 time points) as well as 24 hour soaked 
seeds (day 0 time point) for RNA sequencing (RNA-seq) analysis and from 9-day old 
seedlings without root collected at 9:30am (5am-9pm light and 9pm-5am dark) for 
flowering time related gene expression analysis. RNA-seq was performed using TruSeq 
RNA Sample Prep Kit (Illumina) and sequenced on a HiSeq 2000 (Illumina). RNA-seq 
reads were processed and analyzed as previously described, where only uniquely 
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mapping reads were retained and differentially expressed transposable elements (TEs) 
and genes were defined with a two-fold cutoff and P<0.01 as described (Wollmann et al., 
2012). Reads were mapped to the TAIR10 genome. Expression values of genes and TEs 
were calculated as RNA-seq reads per kilobase per million mapping reads. 
 
For reverse transcription (RT), 1 µg of total RNA was used to synthesize cDNA using 
RevertAid M-MuLV Reverse Transcriptase (Fermentas, Burlington, CA) as per 
manufacturer’s instructions. Real-time quantitative PCR (qPCR) was performed using a 
PCR Master Mix (Applied Biosystems, Foster City, CA) according to manufacturer’s 
instructions using 1 µL of RT product. The specificity of the amplification product was 
determined by performing a dissociation curve analysis. The PCR reaction and 
quantitative measurements were done on 7900HT Fast Real-Time PCR System (Applied 
Biosystems, Foster City, CA). We performed three biological replicates, with three 
technical replicates for each sample. For each PCR reaction, the !Ct was calculated using 
TUB2 gene as endogenous control. Relative Quantitation values (RQ) were calculated 
using the 2"!!Ct method (RQ = 2"!!Ct). 
The relative expression was normalized with RQ of Col-0. The standard deviation (SD) 




2.11 ChIP analyses  
 
ChIP was performed as previously described with a few modifications (Wollmann et 
al., 2012). Two grams of 9-day old seedling without root were ground in liquid nitrogen 
and fixed in 1% formaldehyde for 10 minutes. The reaction was stopped by adding 0.125 
M glycine. Nuclei were extracted by filtration through Miracloth and iteratively washed 
and centrifuged at 2,000g. Nuclei were lysed in SDS buffer. DNA was sonicated for 10 
cycles of 0.5 minute on and 1 minute off with an UCD-200TM-EX Bioruptor 
(Diagenode) on medium power, at 0 to 4°C. Sonicated chromatin was pre-cleaned with 
magnetic protein A-beads (Dynabeads protein A, Invitrogen) for 1 hour and incubated 
overnight with primary anti-bodies (Table 2) at 4°C. After pre-clearing, magnetic protein 
A-beads were incubated with the antibodies-chromatin mix for 3 hours at 4°C with 
rotation. After precipitation of the beads on a magnetic rack (MagnaRack, Invitrogen) 
and washes with increasing stringency, DNA was eluted and treated with proteinase K 
(Fermentas) and then reverse cross-linked at 65°C during 16 hours. Immunoprecipitated 
DNA was treated with RNase A (Fermentas) and purified with the QIAquick purification 
kit (Qiagen). Purified DNA was then used for real-time qPCR using ChIP qPCR primers 
(Table 1) with the same procedure described in 2.10. We performed three biological 
replicates, with three technical replicates for each sample. For each PCR reaction, the 
!Ct was calculated using input DNA (for total H3 enrichment) or anti-H3 
immunoprecipited DNA (for histone H3 modifications enrichment) of each genotype as 
endogenous control. Relative Quantitation values (RQ) were calculated using the 2"!!Ct 
method (RQ = 2"!!Ct). The relative enrichment was normalized with RQ of Col-0. The 
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standard deviation (SD) was calculated and the statistic significance was determined 
using Student’s t-test.  
 
2.12 Confocal microscopy 
 
The localization pattern of ATRX-GFP in root nuclei and immunostained nuclei were 
observed with laser scanning confocal microscope (Zeiss LSM 5 Exciter) using 40X 
magnification objective. Images were processed using Adobe Photoshop CS3 software. 
 
2.13 Alignment of protein sequences and phylogeny analysis 
 
Protein sequences of Snf2 family members of Arabidopsis thaliana and ATRX 
homologues in protists, fungi, plants and animals were obtained from NCBI protein data 
base (http://blast.ncbi.nlm.nih.gov). Sequences were aligned using CLC software. 
 
Phylogenetic tree analysis of Snf2 helicase domain and ATRX helicase and ADD 
domains was also performed using CLC software with Neighbour-joining method and 
bootstrap for measurement of support of nodes.  
 
2.14 Recombinant protein expression and purification from E.coli 
 
E.coli cells BL21 (Rosetta) harboring the expression vector were cultured in LB liquid 
medium at 16°C or 30°C until OD600nm reached to ~0.3. IPTG was added into the 
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culture to a final concentration of 0.2 mM for induction of recombinant protein 
expression and zinc acetate was also added to a final concentration of 100 µM for 
increasing ADD domain solubility (Iwase et al., 2011). After 15 hours of induction at 
25°C with shaking at 280 rpm, cells were collected by centrifugation, and subsequently 
resuspended in a lysis buffer (50 mM NaH2PO4, pH 8, 300 mM NaCl, 10 mM imidazol, 
100 µM Zn(O2CCH3)2 and 1x Roche proteinase inhibitors) and sonicated at 4°C with 
30~40% power for 7 cycles of 10 seconds on and 1 minute off . The cell lysate was 
centrifuged and the supernatant was collected, and subsequently mixed with Ni-NTA 
beads (Qiagen, Chatsworth, CA) for 1 hour at 4°C with rotation, followed by 4 times 
washing with the washing buffer (50 mM NaH2PO4, pH 8, 300 mM NaCl, 20 mM 
imidazol and 100 µM Zn(O2CCH3)2). Recombinant protein was eluted from the beads 
with an elution buffer (50 mM NaH2PO4, pH 8, 300 mM NaCl, 250 mM imidazol and 
100 µM Zn(O2CCH3)2) and dialyzed against a dialysis buffer (50 mM NaH2PO4, pH 8, 
300 mM NaCl and 100 µM Zn(O2CCH3)2) overnight at 4°C.  
 
Purified recombinant protein was then flash frozen in liquid nitrogen and kept at -80°C 
for storage. The quality of purified protein was tested by SDS-PAGE with coomassie 
blue staining and the concentration was determined by Bradfort Protein Assay (Bio-rad). 
 
 
2.15 Histone peptide array assay 
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GST-atADD and GST-hsADD proteins were expressed and purified from E.coli as 
described in 2.14. 100 µL of each recombinant protein (final concentration of 7 µM) or 
antibody (1:1000) (anti-H3K9me2 or anti-R26Cit) in TTBS buffer (10mM Tris-HCl pH 
7.4, 150 mM NaCl, 0.05% Tween 20 and 100 µM Zn(O2CCH3)2) was incubated with 
preblocked (5% milk in TTBS) MODified Histone Peptide Array slide (Active Motif) 
overnight at 4°C. The slide was then washed 3 times (5 minutes per wash) with TTBS 
buffer and incubated with anti-GST-HRP (1:500) (Santa cruz) or anti-mouse or rabbit-
HRP (1:3000) (Bio-rad) for 2 hours at 4°C. The slide was then washed 3 times (5 minutes 
per wash) with TTBS buffer and incubated with SuperSignal detection kit (Pierce) and 




















 Table 1 primer list. 
 
Primers for genotyping  5’-3’ 
atrx-3 salk_060705genoF GTATTACCTTTTTTGGCTGTTAGAACA 
atrx-3 salk_060705genoR GGATGACTATGCACTTCCACAGC 
atrx-5 salk_072607genoF TTGCGACGAGGCTCACATC 
atrx-5 salk_072607genoR CACGACGACCATTCTTGCTATC 
atrx-4 sail_861genoF TTTGCATTTGGGTCAGAATTTAG 
atrx-4 sail_861genoR CTGGCAGAAAACTGCAAGGAC 
atrx-2 025678 geno LP GGAGGTAATGGAGGTGAAAGC 
atrx-2 025678 geno RP GTCAAGCTCAGATGTTCCAGC 
atrx-1 salk_024609genoF CTCTTGTTTACTTGGCGGAGG 
atrx-1 salk_024609genoR GACCAGTCAAGCTCAGATGTTCC 
hira WiscDxLox_362H05 RP GAGAGTCACTGTTTTGGCTGG 
hira WiscDxLox_362H05 LP CTACTAAAATTTGAGGCCGGG 
swn-3 AT4G02020 S.050195 geno LP ACTTGCTGCGAGAAATATTGC 
swn-3 AT4G02020 S.050195 geno RP AACACCTTTCGAAAAGGGTTG 
clf-29 AT2G23380 S.021003 geno LP AAGAAACTTGCTAGTTCCGCC 
clf-29 AT2G23380 S.021003 geno LP GAGGCATTGACTTTGATTTGC 
    
Primers for RT-PCR ATRX cDNA 
detection 
5’-3’ 
ATRX 5'UTR primer F CCTTCAGTTGTCGTCTCCCC 
ATRX 5'exon1 primer F ATGGAGGCAAACGAAGAAAGT 
ATRX salk 025687 insertion primer R TCATCAAGAGTTGCCTCCCAT 
ATRX salk 024609 insertion primer R TAGCCAATGATTCCACAGTTTCTT 
ATRX salk 060705 insertion primer R CGAAGTTGAAGTACACGATCACAA 
ATRX sail 861 insertion primer R CGCATGTCCTACAATCTATTAAGTCA 
ATRX salk 072607 insertion primer R ACCACATTCATATCCATTCTTTGC 
ATRX 3'UTR primer R GCTCCTACCAAACGCCCTG 
GAPDH3’ cDNA loading control GTAGCCCCACTCGTTGTCGTA 
GAPDH5’ cDNA loading control AGGGTGGTGCCAAGAAGGTTG 
    
Primers for pATRX-ATRX-GFP cloning 5’-3’ 
ATRX promotor 5'UTR primer F attB4 GGGGACAACTTTGTATAGAAAAGTTGGACGG
AGGCGATAAGGGTAGT 
ATRX promotor 5'UTR primer R attB1r GGGGACTGCTTTTTTGTACAAACTTGGCTTCA
CTTGCTAGTTGCTACTGAAAA 
ATRX cDNA 5' primer attB1   GGGGACAAGTTTGTACAAAAAAGCAGGCTTA
ATGGAGGCAAACGAAGAAAGTTTGAAGG 






Primers for pATRX-ATRX-GFP 
sequencing 
5’-3’ 
ATRX genomic primer F ATGGAGGCAAACGAAGAAAGTTTGAAGG 
ATRX genomic primer R TTTGAATCTCGAAACAGGTGTCATTACAAATT
TC 
ATRX cDNA F sequencing primer AAGAAACTGTGGAATCATTGGCTA 
ATRX cDNA F sequencing primer TTGTGATCGTGTACTTCAACTTCG 
ATRX cDNA F sequencing primer TGACTTAATAGATTGTAGGACATGCG 
ATRX cDNA F sequencing primer GATAGCAAGAATGGTCGTCGTG 
ATRX cDNA F sequencing primer CTTGGAATTAACCTTTATGCTGCTA 
ATRX cDNA F sequencing primer CTCTTATTGTGACTCCTGTAAATGTGT 
ATRX cDNA R sequencing primer ACATTTACAGGAGTCACAATAAGAGC 
ATRX cDNA R sequencing primer AATAAGTCCACGTATAATAAGCCACC 
    
Primers for Real-time qPCR  5’-3’ 
ATRX qPCR F GAGATGTTTCAAGGGAGAGAAGATT 
ATRX qPCR R CCTCCCAAGAGACAGGTTTCTAA 
SVP qPCR F CAAGGACTTGACATTGAAGAGCTTCA 
SVP qPCR R CTGATCTCACTCATAATCTTGTCAC  
FLC qPCR F CTAGCCAGATGGAGAATAATCATCATG  
FLC qPCR R TTAAGGTGGCTAATTAAGTAGTGGGAG 
FLM qPCR F CCACACAAGGAGTTACTAGAAACAGTCC 
FLM qPCR R GCCAGAACCTGGTTCTCTTCTCTCAG 
FT qPCR F CTTGGCAGGCAAACAGTGTATGCAC 
FT qPCR R GCCACTCTCCCTCTGACAATTGTAGA 
SOC1 qPCR F AGCTGCAGAAAACGAGAAGCTCTCTG 
SOC1 qPCR R GGGCTACTCTCTTCATCACCTCTTCC 
SWN qPCR F CAGGGAATGATAATGATGAGGT 
SWN qPCR R GACCAGCAGACTTTGTAGAG 
CLF qPCR F ATTATTCGCATGACCCTTGAG 
CLF qPCR R CATGTCTTGCCTTGATTTCAC 
FIE qPCR F CGTTTCTTCGATGTCTTCGT 
FIE qPCR R ACGACTCTTCCTTATCTTCATCAG 
MSI1 qPCR F CATTTGATAGCCACAAAGAGGAG 
MSI1 qPCR R TCATCGATCCTGCTAAGGTC 
EMF2 qPCR F CAGAAGACTGAAGTAACTGAAGAC 
EMF2 qPCR R AAATTGAGGAGATCGTGGGT 
VRN2 qPCR F GCAGAAATAACACCAGGAGAC 
VRN2 qPCR R CCACGGTTTCCATCATTCAG 
TUB2 qPCR Control F ATCCGTGAAGAGTACCCAGAT 






















    















ACTIN F for ChIP qPCR control CGTTTCGCTTTCCTTAGTGTTAGCT 




Table 2 antibodies and peptide list. 
Name Resource 
anti-H3 Rabbit polyclonal, ab1791, Abcam 
anti-H3K4me3 Rabbit polyclonal, ab8580, Abcam 
anti-H3K9me2 Mouse monoclonal, ab1220, Abcam 
anti-H3R26Cit Rabbit polyclonal, ab19847, Abcam 
anti-H3K27me3 Rabbit polyclonal, 07-449, Millipore 
anti-GFP Rabbit polyclonal, A11122, Life technologies 
anti-GST-HRP Mouse monoclonal, Sc-138, Santa cruz 
anti-mouse-HRP Goat, 172-1011, Bio-rad 
anti-rabbit-HRP Goat, 170-6515, Bio-rad 
anti-mouse-488  Goat, A11001, Life technologies 
anti-mouse-555 Goat, A21422, Life technologies 
anti-rabbit-488  Goat, A 11008, Life technologies 
anti-rabbit-555 Goat, A21428, Life technologies 
Rabbit control IgG Rabbit polyclonal, ab46540, Abcam 










Chapter 3 Results 
 
3.1 Phylogenetic analysis of ATRX  
 
As introduced in chapter 2 (Literature Review), ATRX has only been studied in 
mammalian organisms (human, mouse and rat) and in fruit fly (Drosophila). Although it 
has been reported that ATRX is not conserved in archaea or bacteria, little is known 
about its origin and evolution. In order to address these questions, I identified ATRX 
homologues in different representative organisms from eukaryotic kingdoms: protists, 
fungi, plants and animals (invertebrates and vertebrates).  The criteria for identifying 
ATRX homologues were based on a study of Snf2 family in 2006 by Flaus et al.. 
However, Flaus et al. did not look into protists kingdom and due to the incomplete 
genomic sequences and annotation by year 2006, they were not able to find ATRX 
homologue in fungi. Here, using the latest update (year 2014) of protein sequences from 
NCBI protein sequences database (http://blast.ncbi.nlm.nih.gov), I was able to identify 
ATRX homologues or ATRX-like proteins in protists and fungi.  
 
3.1.1 ATRX Helicase domain and Snf2 family 
 
The helicase domain identifies ATRX as a member of the Snf2 family and more 
precisely, it belongs to the RAD54-like subfamily (Flaus et al., 2006). All Snf2 family 
members contain helicase-like regions with conserved motifs. Structural and mutagenesis 
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studies have shown that these conserved motifs play a role in the transformation of 
chemical energy from ATP hydrolysis to mechanical motion (Ye et al., 2004). Thus Snf2 
family members are predicted to have chromatin-remodeling function. Here, I identified 
homologues of Snf2 family members in Arabidopsis and grouped them into “Snf2-like”, 
“Swr1-like”, “SSO1653-like”, “Rad-54-like”, “Rad5/16-like” and “Distant” as previously 
described by Flaus et al. (Figure 9 A). Indeed, some of these Arabidopsis Snf2 family 
members have conserved functions in chromatin related processes. For example, PIE1 
(Swr1 subfamily) is required for deposition of modified histone H2A.Z at several loci 
within the genome (Deal et al., 2007; Noh and Amasino, 2003), DDM1 (Lsh subfamily) 
is involved in gene silencing and maintenance of DNA methylation and histone 
methylation (Sasaki et al., 2012; Saze and Kakutani, 2007; Zemach et al., 2013; Zemach 
et al., 2005), DRD1 (originally characterized in Arabidopsis) cooperates with PolIVb to 
facilitate RNA-directed de novo methylation and silencing of homologous DNA (Huettel 
et al., 2007; Law et al., 2010a), Arabidopsis Rad54 also functions in DNA repair via 
homologous recombination (Osakabe et al., 2006), PKL (homologue of Mi-2) is involved 
in post-germination repression of embryonic development (Aichinger et al., 2011; Furuta 
et al., 2011; Jing et al., 2013; Zhang et al., 2012a) and Arabidopsis Ino80 that functions 
as a positive regulator of DNA homologous recombination is likely to participate in 
H2A.Z nucleosome removal as reported in yeast (Fritsch et al., 2004; Papamichos-
Chronakis et al., 2011). In addition, the helicase domain sequence alignment of 
Arabidopsis Snf2 members revealed that the helicase motifs are highly conserved (Figure 
9 B and Figure 10) and the distance between the Helicase_ATP_BIND and the 
Helicase_C subdomains is consistent within the same subfamily (Figure 9 B). These 
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observations suggest that proteins from different organisms that contain a conserved 

















Figure 9 The Snf2 family in Arabidopsis. (A) Grouping of Arabidopsis Snf2 subfamilies together with the 
representative protein and its functional domains of each subfamily. (B) Sequence alignment of 
Arabidopsis Snf2 helicase domains with the conservation frequency in percentage and the indication of 
helicase subdomains as well as the highly conserved helicase motifs (colored boxes) and additional 
conserved blocks (dashed black boxes). Red box indicates the linker region between the two subdomains 
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Figure 10 Conserved residues within Helicase domain of Arabidopsis Snf2 family members. Detailed 
sequence alignment with the sequence logo of Arabidopsis Snf2 helicase domains. The major insertion 
region is removed and indicated by red vertical line. Helicase motifs are indicated in solid black boxes with 
roman numerals I-VI, additional conserved blocks are indicated in dashed black boxes with uppercase 
letters A-N.    
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Interestingly, Flaus et al. noticed that in addition to the specific distance between the 
two subdomains of helicase, all ATRX from plants and animals have a histidine residue 
instead of an aspartate residue at the conserved block E (ILAHE instead of ILADE)  
(Figure 10). Using this motif as a signature of ATRX protein and the latest version (year 
2014) of protein sequences from NCBI protein sequences database 
(http://blast.ncbi.nlm.nih.gov), I updated the list of ATRX homologues focusing on 
protists and fungi where ATRX homologues were not reported in earlier studies. ATRX-
like proteins could be found in several but not all species tested from protists and fungi 
(Figure 11 A). These ATRX-like helicases from protists and fungi were clearly clustered 
into the Rad54-like group (Figure 11 B).  Although ATRX-like helicases from 
Micromonas sp., Micromonas pusilla and Ostreococcus tauri are more closely related to 
the Arabidopsis Rad54 helicase, they all carry the ATRX signature. Moreover, all these 
three green algae organisms have another conserved Rad54 protein and Rad54 is also 
present in the genome of other protists and fungi that do not encode an ATRX-like 
protein (data not shown). These data suggest that the ATRX helicase probably evolved 











Figure 11 ATRX-like proteins are also found in protists and fungi. (A) Table of analyzed organisms 
from protists and fungi with the indication of presence (YES) or absence (NO) of ATRX-like helicase. (B) 
Tree view of cluster of protists and fungi ATRX-like helicase domain (species Latin name) with 
Arabidopsis Snf2 subfamily helicase domains (protein name) using Neighbour-Joining method with 
Arabidopsis ATRX as tree root. Scale bar shows the length of branch that represents an amount genetic 
change of 1.2. Measure of support for the node is indicated in percentage using bootstrapping.  
Protists Presence of ATRX-like protein 
Bathycoccus prasinos NO 
Chlamydomonas reinhardtii NO 
Chlorella variabilis NO 
Coccomyxa subellipsoidea NO 
Ectocarpus siliculosus NO 
Micromonas pusilla  YES 
Micromonas sp YES 
Ostreococcus tauri YES 
Thalassiosira pseudonana YES 
Volvox carteri f. nagariensis NO 
Fungi Presence of ATRX-like protein 
Ashbya gossypii NO 
Aspergillus nidulans YES                                                    
Cordyceps militaris CM01 YES 
Neurospora crassa YES 
Neurospora tetrasperma YES 
Saccharomyces cerevisiae NO 
Schizosaccharomyces pombe NO 
Uncinocarpus reesii 1704 YES 











Next, to evaluate the degree of conservation of the ATRX helicase domain, I aligned 
the ATRX helicase sequences from a large number of species belonging to the five 
kingdoms. The results show that: 1) the two subdomains (Helicase_ATP_BIND and 
Helicase_C) are highly conserved in all five kingdoms; 2) the variation are mainly from 
the major insertion region and the length of this region seems to be consistent within each 
kingdom and gradually increases from protists to vertebrates (Figure 12 A).  Although the 
detail of mechanical/chemical activity of Snf2 family helicase is not clear, Flaus et al. 
have found that the variation at the major insertion region of helicase domain seems to 
correlate with certain type of chromatin-remodeling process. Thus, the difference at the 
major insertion region of ATRX homologues suggests variations in ATRX function from 
one kingdom to another. Nevertheless, The Neighbour-Joining tree view of ATRX 
helicase using the well studied human ATRX as root revealed that ATRX helicase 
followed the evolutionary distance between organisms (Figure 12 B). These data suggest 
that ATRX helicase probably evolved from an ancestral Rad54 in the common last 









Figure 12 ATRX helicase is evolutionally conserved in eukaryotes. (A) Sequence alignment of Snf2 
helicase domains from representative organisms of 5 kingdoms with the conservation frequency in 
percentage and the indication of helicase subdomains as well as the major insertion region (red box). (B) 
Tree view of Snf2 helicase domains cluster using Neighbour-Joining method with human ATRX as tree 
root. Scale bar shows the length of branch that represents an amount genetic change of 0.6. Measure of 

















3.1.2 The ADD domain of ATRX 
 
Another functional domain identified in human ATRX is the ADD domain (See 
section 1.2.2.1 for details). The ADD domain preferentially binds to histone H3 peptide 
that carries H3K4me0 and H3K9me3. This binding is required for human ATRX 
localization to pericentric heterochromatin and telomeres (Eustermann et al., 2011; Iwase 
et al., 2011). Although the ADD domain plays an important role in human ATRX, 
Drosophila ATRX (also called XNP) does not contain an ADD domain, suggesting that 
during ATRX evolution in animals, the ADD domain may have evolved differently 
compared to the helicase domain.  Indeed, ATRX-like proteins that I identified in both 
protists and fungi do not contain an ADD domain (Figure 13) and the ADD domain is not 
found amongst gene sequences in protists or fungi proteins (data not show). In both 
plants and vertebrates, an ADD domain is always present in ATRX along with the ATRX 
helicase domain (Figure 13). Interestingly, in invertebrates, I observed five different 
situations: 1) The ADD domain is not conserved in the organism (i.e. Caenorhabditis 
elegans); 2) The ADD domain is conserved but not present in the same protein that have 
the ATRX helicase (i.e. Daphnia pulex, Drosophila melanogaster and Strongylocentrotus 
purpuratus); 3) The ADD domain is conserved and present not only together with the 
ATRX helicase but also in another non ATRX helicase containing protein (i.e. Hydra 
vulgaris); 4) The ADD domain is conserved and present in one ATRX helicase 
containing protein but not in another (i.e. Ciona intestinalis); and 5) The ADD domain is 
conserved and present only together with the ATRX helicase (i.e. Amphimedon 
queenslandica and Nematostella vectensis) (Figure 13).  These observations further 
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support my hypothesis that during evolution of ATRX the ADD domain was not always 













Figure 13 ADD domain is not always present together with helicase domain. “NO” with star indicates 
the presence of ADD domain not in ATRX helicase containing protein but in another protein; “YES” with 
star indicates the presence of ADD domain not only in ATRX helicase containing protein but also in 
another protein. All organisms presented in the list have only one ATRX except Ciona interstinalis that 
























The sequence alignment of ADD domains from plants and animals (invertebrates and 
vertebrates) revealed that the six pairs of the cysteine motif, “CXXC”, are highly 
conserved (Figure 14 A). The study of crystal structure of human ADD domain clearly 
demonstrates that these 6 pairs of cysteine interact with 3 zinc ions that bring distal 
peptide chains to a nearer space (Figure 14 B and C) (Eustermann et al., 2011; Iwase et 



















Figure 14 The ADD domain has a unique arrangement of cysteines.  (A) Sequence alignment of ADD 
domains from plants and animals with conservation in percentage and sequence logo. The six “CXXC” 
motifs are indicated (red boxes). Some protein that contains two ADD domains are indicated by “1_2 and 
2_2 ADD”.   (B) 3D structure of two human ADD domain “CXXC” motifs that interact with a zinc ion. (C) 
3D structure of whole human ADD domain with its ligand, H3 peptide with H3K4me0 and H3K9me3 
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Again, using well studied human ATRX as root, the Neighbour-Joining tree view of 
the ATRX ADD domain revealed that: 1) ADD domains of vertebrates are more distant 
from those of invertebrates and plants; 2) ADD domain in lower plant species 
(Selaginella moellendorffii and Physcomitrella patens) are more closely related to those 
in invertebrates than in higher plants, whereas ADD domains from Amphimedon 
quenslandica and Drosophila melanogaster are more closely related to plants than that in 
other invertebrates. This may suggest that the ADD domain associated with ATRX 
independently at several times during animals and plant evolution. Thus, unlike ATRX 
helicase domain, the origin and evolution of the ADD domain is more complicated and 
how ADD domain appeared in ATRX protein together with helicase domain is still 
puzzling.  Nevertheless, the association of ADD domain and helicase domain is highly 
conserved in both plants and vertebrates, suggesting a unique function of ATRX that 



















Figure 15 Neighbour-Joining tree view of ADD domain. Tree view of ADD domain cluster using 
Neighbour-Joining method with human ADD domain as tree root. Scale bar shows the length of branch that 
represents an amount genetic change of 0.6. Measure of support for the node is indicated in percentage 













3.1.3 Other domains and motifs in ATRX 
 
In addition to the helicase domain and the ADD domain, the HP1 interaction motif also 
plays an important role both in human and Drosophila ATRX (Bassett et al., 2008; 
Kourmouli et al., 2005; Lechner et al., 2005; McDowell et al., 1999; Picketts et al., 
1998). To elaborate how this motif is conserved, I searched both human-like HP1 
interaction motif (LxVxL) and Drosophila-like HP1 interaction motif (CxVxL) in other 
ATRX homologues from selected organisms.  In vertebrates, the “LxVxL” motif is 
highly conserved and located at the same position of ATRX in all organisms studied here 
(Figure 16 A). In protists, although both “LxVxL” and “CxVxL” motifs were identified 
in Micromonas pusilla and Micromonas sp. respectively, they are unlikely to provide 
interaction with HP1 since they are located within or too near to the helicase domain 
(Figure 16 B). In some fungi species a “LxVxL” motif is located within the helicase 
domain and thus unlikely functional but ATRX in Neurospora species contain a 
potentially functional “LxVxL” motif located upstream of the helicase domain (Figure 16 
C). In invertebrates, only Drosophila melanogaster and the sponge Amphimedon 
queenslandica contain the “CxVxL” motif at N-terminus; all other identified “LxVxL” 
motifs are located either within the helicase domain or the ADD domain (Figure 16 D). 
The “CxVxL” and “LxVxL” motifs are not generally present in plant ATRX and in 
species where “LxVxL” motifs are present, they are likely non-functional (Figure 17 A). 
These data revealed that the HP1 interaction motif is animal specific and is highly 






Figure 16 Full length ATRX alignment and domain annotation. Alignment of ATRX full-length 
proteins (with conservation in percentage) in vertebrates (A), protists (B), fungi (C) and invertebrates (D). 















The alignment of full-length ATRX homologues within each kingdom also revealed 
some interesting features. For example, in plant ATRX homologues, the distance between 
the ADD domain and the helicase domain is much shorter than in vertebrates (Figure 16 
A and Figure 17 A). Moreover, this distance became longer from lower species to higher 
species in vertebrates (Figure 16 A). Remarkably, in addition to the conserved ADD and 
helicase domain, a region of nearly 300 amino acids located at the N-terminus of ATRX 
is also highly conserved amongst plants (Figure 17 A). This plant specific region is 
predicted to contain a series of !-helices (Figure 17 B), and it is likely to be a novel 
domain that we call “helical domain”, the function of which remains to be determined.  
 
Altogether, these observations indicate that although plant ATRX homologues share 
with animals the ADD and helicase domains, several features make plant ATRX unique. 
The spacing between the ADD and helicase domains is not conserved, the HP1 
interaction motif is absent, and there is an additional plant specific helical domain. It is 











Figure 17 Plant ATRX homologues have a conserved uncharacterized “helical” domain. (A) 
Alignment of ATRX full-length proteins (with conservation in percentage) in plants. The highly conserved 
“helical” domain is indicated in red box (B) Detailed sequence alignment of “helical” domain with 
conservation in percentage and sequence logo. The sequences that are predicted to form !-helix are 
indicated in red boxes.  
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3.2 Phenotypical analysis of atrx mutants 
 
3.2.1 Isolation of atrx mutants  
 
To initiate the study of the function of Arabidopsis ATRX, I used a reverse genetic 
approach based on the phenotypic analysis of atrx mutants. Only one gene encodes 
ATRX protein in Arabidopsis: At1g08600. I obtained five T-DNA insertion mutants at 
ATRX locus from the Arabidopsis Biological Resource Center (ABRC). All five lines 
have a T-DNA insertion at ATRX gene body (Figure 18 A). Then I confirmed and isolated 
homozygote T-DNA insertion allele of each line using PCR based genotyping. 
Furthermore, total mRNAs of each homozygote allele of T-DNA insertion were extracted 
and the Reverse Transcription PCR (RT-PCR) was used to detect ATRX mRNA product 
of each T-DNA insertion lines. The results show that none of the five T-DNA insertion 
lines produces full-length ATRX mRNA. Yet, I did not observe any severe 
developmental defect in any isolated atrx mutant lines. In atrx-1, atrx-4 and atrx-5 
mutants, mRNAs produced from upstream of the T-DNA insertion site could be detected, 
suggesting that these lines may produce a truncated ATRX mRNA (Figure 18 B and C). 
As the product from atrx-1 (where the T-DNA insertion is near the ATRX N-terminus) is 
unlikely to contain sequences that encode ATRX functional domains, I therefore also 
chose atrx-1 in addition to atrx-2 as null allele for further analysis.  
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Figure 18 Isolation of ATRX T-DNA insertion mutants. (A) Schematic representation of the 
Arabidopsis ATRX genomic DNA. The filled boxes represent exons. The translational start site (TSS) and 
the stop codon (TAA) as well as insertion sites of the five T-DNA insertion atrx mutants are indicated. (B) 
RT-PCR results for showing no detection of full-length ATRX gene product in each atrx mutant. GAPDH 









atrx -1 atrx-2 atrx-3 atrx -4 atrx -5 


















      ATRX 












atrx-2 atrx-1 atrx-3 atrx-4 atrx-5 






3.2.2 atrx mutants have a late flowering phenotype 
 
In comparison with wild type Col-0 grown side by side, I observed a clear flowering 
delay in both atrx-1 and atrx-2 mutants. The flowering time phenotype is usually 
quantified by counting the number of primary rosette and cauline leaves at the time of 
flowering. The reason is that, upon floral transition, the shoot apical meristem (SAM) 
will stop to produce leaves; instead, it will start to produce reproductive organs. Thus, a 
plant exhibiting early flowering phenotype shows a lower number of leaves than wild 
type, whereas a plant with late flowering phenotype would show more leaves.   As 
expected, the results show that both atrx-1 and atrx-2 mutants have increased number of 
leaves (rosette and cauline leaves) compared to wild type (Figure 19) confirming the 
observed late flowering phenotype in the two atrx mutants. 
 
In order to confirm that the late flowering phenotype is due to the loss of ATRX 
function, I made a Green Fluorescent Protein (GFP) tagged ATRX construct driven by 
the ATRX native promoter to complement the mutant atrx-2. I selected atrx/atrx 
transgenic lines that carry the ATRX-GFP construct and express about 70% of the wild 
type amount of ATRX mRNA. In these lines, the late flowering phenotype of atrx mutant 
was rescued completely (Figure 19).  These results therefore demonstrate that the loss of 







Figure 19 ATRX plays a role in flowering time control. (A) Total leaf number at flowering of wild type 
(Col-0), atrx mutants (atrx-1 and atrx-2) and transgenic plant of ATRX-GFP construct in atrx-2 (ATRX-
GFP) in long days. 30 plants were scored for each line. The values shown are means ± SD. Significance of 
the late flowering was determined by two-tailed Student’s t-test, P<0.01(*), 0.001(**), 0.0001(***). (B) 
Real-time PCR quantification of mRNA levels of ATRX in 9 days old seedlings of Col-0, atrx mutants 
(atrx-1 and atrx-2) and ATRX-GFP in long days. Relative expression of mRNA levels to wild type Col is 
presented. The values shown are means ± SD of three biological repeats. 
*** *** *** 
A 
Col-0                         atrx-1                        atrx-2                     ATRX-GFP 
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3.2.3 ATRX is required for FLC repression during floral transition  
 
The genetic network of flowering time control in Arabidopsis has been well 
established. Basically, the floral transition is induced by activators such as FLOWERING 
LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) 
(Corbesier et al., 2007; Yoo et al., 2005). These activators are generally repressed during 
vegetative growth by repressors such as FLOWERING LOCUS C (FLC), FLOWERING 
LOCUS M (FLM) and SHORT VEGETATIVE PHASE (SVP) (Hartmann et al., 2000; 
Michaels and Amasino, 1999; Scortecci et al., 2003; Scortecci et al., 2001). Upon 
flowering signal, the repressors are suppressed, allowing the expression of activators, 
thus inducing floral transition (Figure 20).  
 
In order to understand how ATRX participates in floral transition regulation, I 
quantified the mRNA expression level of key genes controlling floral transition in both 
atrx mutant alleles (atrx-1 and atrx-2) as well as the complemented atrx: ATRX-GFP 
line. The results show that only FLC and FT are misregulated in atrx (Figure 20). 
Consistent with the observed late flowering phenotype in atrx mutants, as a repressor, 
FLC expression level is >1.5 folds higher than wild type, whereas the expression level of 
FT, as an activator, is <0.5 fold lower than wild type (Figure 20). Moreover, the ATRX-
GFP line that rescues the late flowering of atrx-2 mutant also rescues the mRNA 
expression of FLC and FT back to normal level (Figure 20). Given that FT is directly 
repressed by FLC (Li et al., 2008; Searle et al., 2006), it is likely that the misregulation of 
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FT in atrx mutants is the consequence of the higher level of FLC expression. I therefore 












Figure 20 ATRX is required for FLC repression. Real-time PCR quantification of mRNA levels of FLC, 
FLM, SVP, FT and SOC1 in 9 days old seedlings of Col-0, atrx mutants (atrx-1 and atrx-2) and ATRX-GFP 
in long days. Relative expression of mRNA levels to wild type Col is presented. The values shown are 
means ± SD of three biological repeats. Significance of the differential expression was determined by two-










































































*** *** *** 
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3.2.4 ATRX genetically interacts with PRC2 complex to repress FLC 
 
Arabidopsis thaliana accessions can be grouped into two types based on their 
requirement of vernalization (a prolonged cold treatment) for flowering (Amasino, 2010). 
Summer annuals flower rapidly without vernalization treatment; whereas winter annuals 
require a cold treatment for several weeks to accelerate flowering (Amasino, 2010). In 
both summer annuals and winter annuals, FLC inhibits floral transition and plays a 
central role in the flowering regulatory network (Amasino, 2010; Michaels and Amasino, 
1999; Sheldon et al., 1999). During vernalization FLC expression becomes strongly 
represses through deposition of repressive H3K27me3 marks on FLC chromatin, thus 
promoting flowering of winter annuals. One the other hand, in summer annuals such as 
Col-0 that is used as a model in this study, expression of FLC is also repressed by basal 
levels of H3K27me3.  
 
In addition to repressive mark H3K27me3, chromatin at the FLC locus also carries 
active histone marks like H3K4me3, suggesting a bivalent state as described in 
undifferentiated mammalian stems cells (Bernstein et al., 2006; Jiang et al., 2008). It has 
been suggested that proper balance of H3K27me3 and H3K4me3 is critical for the 
regulation of FLC expression (Jiang et al., 2008). Thus, FLC expression is repressed 
through two distinct machineries: either by adding the repressive mark (H3K27me3) or 
by removing the active mark (H3K4me3). To test which of these two pathways is used by 
ATRX to repress FLC, I investigated the enrichment of both H3K27me3 and H3K4me3 
at different regions along FLC locus in atrx mutant using chromatin immuno-
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precipitation (ChIP) assay (Figure 21 A). Using wild type as control, the results show that 
the H3K27me3 enrichment decreases significantly at “a”, “b” and “c” loci of about 20% 
in atrx mutant (Figure 21 B), whereas no significant change of H3K4me3 enrichment can 
be detected (Figure 21 C). Thus, these data suggest that ATRX is most likely involved in 





















Figure 21 Loss of ATRX affects H3K27me3 accumulation at FLC locus. (A) Schematic structures of 
FLC. The regions examined in ChIP experiments are indicated with solid lines under each region. TSS and 
stop codon are indicated. Filled boxes represent exons. (B), (C) Relative enrichment of H3K27me3 (B) and 
H3K4me3 (C) on FLC chromatin in 9 days old seedlings of indicated genotypes; the values shown are 
means ± SD of three biological repeats. Significance of differential enrichment was determined by two-
tailed Student’s t-test, P<0.01(*), 0.001(**), 0.0001(***). 








The known repressors of FLC that catalyzes the tri-methylation on lysine 27 of histone 
H3 are Polycomb Repressive Complex 2 (PRC2) complexes. In winter annuals, 
vernalization enhances the enrichment of PRC2 complexes at FLC locus and PRC2 
complexes deposit high levels of H3K27me3 on FLC chromatin, leading to complete 
silencing of FLC (Bastow et al., 2004; De Lucia et al., 2008; Sung and Amasino, 2004). 
In summer annuals, such as Col-0 ecotype that does not require vernalization treatment to 
promote flowering, PRC2 complexes are also required to repress FLC (Jiang et al., 2008; 
Wood et al., 2006).   
 
In order to understand how ATRX is involved in FLC repression machinery, I first 
investigated the impact of atrx on levels of expression of PRC2 components such as 
SWINGER (SWN), CURLY LEAF (CLF), FERTILIZATION INDEPENDENT 
ENDOSPERM (FIE), MULTICOPY SUPPRESSOR OF IRA 1 (MSI1), EMBRYONIC 
FLOWER 2 (EMF2) and VERNALIZATION 2 (VRN2) to see whether ATRX regulate 
these PRC2 components at the transcriptional level, causing a reduced activity. The 
results show that none of the PRC2 components’ expression was misregulated by the loss 
of ATRX (Figure 22), suggesting that ATRX does not interfere with expression of any of 













Figure 22 ATRX does not affect transcription of PRC2 components. Real-time PCR quantification of 
mRNA levels of SWN, CLF, FIE, MSI1, EMF2, VRN2 and FLC in 9 days old seedlings of Col-0, atrx-2 in 
long days. Relative expression of mRNA levels to wild type Col is presented. The values shown are means 
± SD of three biological repeats. Significance of the differential expression was determined by two-tailed 











Given that both ATRX and PRC2-like complexes repress FLC to promote floral 
transition, I hypothesized that loss of both ATRX and PRC2 would further delay the 
flowering time. As PRC2-like complexes are involved in many developmental processes, 
complete loss of PRC2 function leads to lethality. To overcome this issue, I partially 
removed PRC2 function by using mutants of SWN and CLF that play a redundant role as 
H3K27 trimethyl-transferase. swn mutant does not show a late flowering phenotype, but 
further removal of one allele of CLF in swn mutant (swn/clfHe) leads to late flowering 
(Figure 23 A). I further combined atrx-2 mutant with these two partial-loss-of-function 
PRC2 mutants to obtain swn/atrx and swn/clfHe/atrx mutants. As expected, the flowering 
time is further delayed in swn/atrx mutant (compared to swn or atrx mutant) and in 
swn/clfHe/atrx mutant (compared to swn/clfHe or atrx mutant) (Figure 23 A). In addition, 
this further delay of flowering time correlates with their levels of FLC expression (Figure 
23 B). These observations confirm that ATRX genetically interacts with PRC2-like 
complexes in FLC transcriptional repression to promote floral transition.  
 
Three types of genetic interactions can be considered in this case: 1) additive (the 
effect of the two mutations is equal to the sum of the effect from each mutation), 2) 
synergistic (the effect of the two mutations is superior to the sum of the effect of each 
mutation) or 3) antagonistic (the effect of the two mutations is inferior to the sum of the 
effect of each mutation). To determine the type of genetic interaction of ATRX and 
PRC2-like complexes, I calculated the value of theoretic additive effect of the two 
mutants (swn/atrx and swn/clfHe/atrx) using either the leaf number or the relative fold 
change of FLC expression (sum of the additional value to Col-0 of swn and atrx or 
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swn/clfHe and atrx for swn/atrx and swn/clfHe/atrx, respectively) (Figure 23 C). The results 
show that in both swn/atrx and swn/clfHe/atrx mutants, the observed effect on late 
flowering is more than the expected additive effect (Figure 23 C), suggesting that the 
genetic interaction of ATRX and PRC2-like complexes in FLC transcriptional repression 
is synergistic. These data thus indicate that ATRX and PRC2-like complexes act in 


















                
               
                
Figure 23 ATRX genetically interacts with PRC2-like complexes. (A) Total leaf number at flowering of 
indicated genotypes in long days. 30 plants were scored for each line. The values shown are means ± SD. 
(B) Real-time PCR quantification of mRNA levels of FLC in 9 days old seedlings of indicated genotypes in 
long days. Relative expression of mRNA levels to wild type Col is presented. The values shown are means 
± SD of three biological repeats. Significance of the differential leaf number (A) and FLC expression (B) 
were determined by two-tailed Student’s t-test, P<0.01(*), 0.001(**), 0.0001(***). (C) Comparison of the 
theoretic additive genetic interaction value (additional number of leaves or additional fold change of FLC) 
calculated from single mutant and the observed value in swn/atrx and swn/clfHe/atrx. 
swn/atrx swn/clfHe/atrx 
additive observed additive observed 
 Flowering time quantification 
(additional # of leaves / col-0)  2.4  7.7  9.0  16.9 
 FLC mRNA expression 
(additional fold change / col-0)  1.0  1.7  2.7  5.1 
C 
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3.2.5 Loss of ATRX affects histone H3.3 enrichment at FLC locus 
 
In both human and Drosophila, ATRX promotes histone H3.3 nucleosome assembly 
(Drane et al., 2010; Goldberg et al., 2010; Lewis et al., 2010; Schneiderman et al., 2012). 
In addition, it was shown recently that histone H3.3 enrichment affects PRC2 function at 
developmental loci in ES cells (Banaszynski et al., 2013). An appealing hypothesis, 
therefore, is that Arabidopsis ATRX may regulate histone H3.3 deposition at FLC locus 
to affect PRC2 function. To test this hypothesis, I conducted ChIP experiments using 
plants that express a GFP tagged H3.3 in Col-0 or atrx-2 mutant. The results show that 
the enrichment of histone H3.3 at FLC locus decreases of more than 30% in atrx mutant 
at promoter and PRC2 regulatory region (“a”, “b” and “c” loci) as well as at the 
transcriptional 3’ end (“f” and “g” loci), whereas the total histone H3 (H3.1 and H3.3) 
remains at same levels (Figure 24). These data indicate that loss of ATRX specifically 





Figure 24 Loss of ATRX affects histone H3.3 enrichment on FLC chromatin. (A) Schematic structures 
of FLC. The regions examined in ChIP experiments are indicated with solid lines under each region. TSS 
and stop codon are indicated. Filled boxes represent exons. (B), (C) Relative enrichment of total H3 (H3.1 
and H3.3) and HTR5GFP (H3.3), respectively, on FLC chromatin in 9 days old seedlings of indicated 
genotypes; the values shown are means ± SD of three biological repeats. Significance of differential 
enrichment was determined by two-tailed Student’s t-test, P<0.01(*), 0.001(**), 0.0001(***). 
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TSS TAG 









3.3 ATRX localises to euchromatin as well as nucleolar rDNA foci 
 
Until now, I have shown that Arabidopsis ATRX affects histone H3.3 enrichment at 
FLC chromatin. However, FLC locus is located at euchromatin region of chromosome 5 
(from 3173497 to 317944) (TAIR V10). This result is not consistent with the fact that 
mammalian ATRX regulates H3.3 nucleosome assembly at pericentric heterochromatin 
and telomeres. This remark led me to investigate Arabidopsis ATRX protein subcellular 
localization. Using live imaging on Arabidopsis root cells, I observed that ATRX-GFP 
localizes to the nucleus and also the nucleolus in a more uniform pattern (Figure 25 A) 
than observed in mammals (mammalian ATRX assembles at dotted structures that 
associate with condensed pericentric heterochromatin and telomeres) (Eustermann et al., 
2011; Gibbons et al., 2000; Iwase et al., 2011; McDowell et al., 1999; Xue et al., 2003). 
Moreover, ATRX-GFP does not associate with condensed metaphase chromatin (Figure 
25 A) whereas in mammalians, ATRX was shown to bind to metaphase chromatin and 
play an important role for proper chromosome segregation (Baumann et al., 2010; Berube 
et al., 2000; De La Fuente et al., 2004; McDowell et al., 1999; Ritchie et al., 2008). To 
obtain a better resolution of ATRX subcellular localization, I used antibody-based 
immuno-localization on purified nuclei. The results show that: 1) ATRX-GFP is depleted 
from condensed heterochromatin marked by H3K9me2; 2) ATRX-GFP localizes to 
decondensed euchromatin as well as nucleolar rDNA foci (Figure 25 B). In comparison 
with histone H3.1-GFP and H3.3-GFP subcellular localization patterns, ATRX-GFP 
localization clearly resembles that of histone H3.3-GFP but not H3.1-GFP since H3.1-
GFP is also enriched at condensed heterochromatin and does not localize to highly 
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decondensed nucleolar rDNA foci. However, unlike H3.3-GFP that is more uniformly 
present at euchromatin, ATRX-GFP shows a granular pattern, suggesting that ATRX 
may interact with chromatin at selective loci. These data thus further strengthen the idea 




















Figure 25 ATRX localises to euchromatin and nucleolar rDNA foci. (A) Live imaging of 5 days old 
seedling root tip of ATRX-GFP plant. Arrow indicates condensed metaphase chromatin. Arrowhead 
indicates example of ATRX-GFP signal at nucleolus. Scale bar represents 20 µm. (B) Confocal section of 
leaf nuclei of H3.1-GFP, H3.3-GFP and ATRX-GFP plants immunostained for GFP (green) and H3K9me2 
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3.4 Arabidopsis ATRX ADD domain binds to H3R26Cit and is required to maintain 
H3R26Cit level.   
 
In mammals, it has been shown that ADD domain preferentially binds to combinatory 
histone marks, H3K4me0 and H3K9me3, and this binding is required for ATRX 
localization to pericentric heterochromatin and telomeres (Eustermann et al., 2011; Iwase 
et al., 2011). Although the ADD domain is conserved in plants ATRX (see section 3.1.2), 
my results show that Arabidopsis ATRX does not localize to condensed heterochromatin, 
instead, it is enriched at euchromatin as well as highly decondensed rDNA foci, 
suggesting a different function of Arabidopsis ADD domain (atADD). I compared the 
amino acid sequences of atADD with the human ADD domain (hsADD) in consideration 
of the hsADD 3D structure and discovered that although the six pairs of cysteine (CXXC) 
are highly conserved, the amino acid residues that interact with the side chain of histone 
H3K4me0 and H3K9me3 are poorly conserved in atADD (Figure 26 A). hsADD interact 
with 1) H3K4me0 through D212, D214, D217 and E218 (four negatively charged amino 
acid residues) whereas atADD have V519, D521, E524 and R525, respectively (Figure 
26 B); 2) and H3K9me3 through Y203, I209, A224 (three hydrophobic amino acid 
residues) and D207 (one negatively charge amino acid residue) where as atADD only 
have V516, G531 and D514 (Figure 26 C). Thus, it is likely that atADD interacts with 








Figure 26 atADD may interact with other histone marks than hsADD. (A) Sequence alignment of 
atADD and hsADD. The “CXXC” motifs are underlined with red bars. The corresponding amino acid 
residue positions that interact with H3K4me0 and H3K9me3 are indicated by green and red arrows, 
respectively. (B), (C) 3D structure of H3K4me0 and H3K9me3 interacting pockets of hsADD, respectively 
(Eustermann et al., 2011). hsADD amino acid residues are indicated in grey and the corresponding atADD 
























To identify the binding ligand of atADD, I conducted a peptide array assay using 
purified recombinant proteins of Glutathione S-transferase (GST) tagged atADD (GST-
atADD) and hsADD (GST-hsADD) as control. Consistent with previous studies, my 
results confirm that GST-hsADD preferentially binds to peptides that carry H3K4me0 
and H3K9me3 (Figure 27). In contrast GST-atADD did not bind to the same ligand as 
GST-hsADD. Instead, GST-atADD binds to all 4 peptides on the array that carry a 
modified arginine, called citrulline, on the position 26 of histone H3 (H3R26Cit) (Figure 
27).  
 
H3R26Cit post-translational modification results from deamination that converses an 
arginine residue already incorporated in a protein into the non-coded amino acid 
citrulline, a reaction also termed “citrullination” (Vossenaar et al., 2003). This calcium-
dependent reaction is catalyzed by a small family of tissue-specific vertebrate enzymes 
called peptidylarginine deiminases (PADs) (Wang and Wang, 2013). Studies have shown 
that PADs mediated citrullination is associated with the development of diverse 
pathological states such as autoimmunity, cancer, neurodegenerative disorders, prion 
diseases and thrombosis (Martinod et al., 2013; Wang and Wang, 2013). Despite their 
disease relevance, the cellular roles of the PADs remain poorly understood. To date, the 
best-characterized role of PADs is gene regulation by citrullination on histones. It was 
reported recently that PAD2 specifically catalyzes citrullination on H3R26 at 
decondensed chromatin loci surrounding the estrogen-response elements of target 
promoters in response to estrogen (primary female sex hormone) stimulation (Zhang et 
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al., 2012b). This study thus provides a biological role of H3R26Cit in the female 






















Figure 27 Arabidopsis ADD domain interacts with H3R26Cit. (A) Positive control of peptide array 
assay using anti-H3K9me2 antibody. (B) Peptide array results for GST-hsADD and GST-atADD. Red 
arrows indicate the positive signals and the corresponding peptide sequences and modifications are 




Citrullination has never been reported in plants and none of the PADs reported in 
animals is conserved in plants. To detect H3R26Cit in plants, I carried out immuno-
localization on purified nuclei using a previously characterized specific anti-H3R26Cit 
antibody (Zhang et al., 2012b). I controlled that the anti-H3R26Cit antibody was specific 
and binds to the same H3R26Cit peptides as GST-atADD on the peptide array (Figure 28 
A). In immunostainings the antibody against H3R26Cit detected a signal in the nucleus as 
well as in the nucleolus. This signal was nearly completely removed when the antibody 
was preincubated with the cognate H3R26Cit peptide (Figure 28 B), showing that the 
signal observed in nuclei immunostained with antiH3R26Cit is specific. These data thus 
suggest that H3R26Cit modification is present in Arabidopsis. 
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Figure 28 H3R26Cit is present in Arabidopsis.  (A) Peptide array result of anti-H3R26Cit antibody. Red 
arrows indicate the positive signals at position: J23, K15, K16 and K17. (B) Confocal section of leaf nuclei 
of Col-0 plant immunostained for H3R26Cit (green) with anti-H3R26Cit in absence (left) or presence 
(right) of the cognate H3R26Cit peptide preincubation. DNA is stained with DAPI (blue). Scale bars 
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H3R26Cit pattern showed a similar granular pattern in euchromatin and in the 
nucleolus marked highly decondensed nucleolar rDNA foci similar to the pattern of 
ATRX-GFP (Figure 29 A and Figure 25 B). However, H3R26Cit was also detected at 
condensed heterochromatin marked by H3K9me2 (Figure 29 A). This observation 
suggests that binding of atADD domain to H3R26Cit may not be the only determining 
factor for ATRX localization. To investigate whether ATRX has an impact on H3R26Cit 
modification, I compared the H3R26Cit signal between the wild type Col-0, the atrx-2 
mutant and the atrx-2 mutant complemented by ATRX-GFP expression. Surprisingly, the 
nucleolar signal of H3R26Cit was largely decreased in atrx-2 mutant compared to Col-0 
and the complemented atrx-2, suggesting that ATRX is required to maintain H3R26Cit 
levels at least in the nucleolus (Figure 29 A). In addition, a ChIP experiment using anti-
H3R26Cit antibody also revealed a decrease of H3R26Cit enrichment at FLC chromatin 








          
         
Figure 29 ATRX is required to maintain H3R26Cit level. (A) Confocal section of leaf nuclei of 
indicated genotypes immunostained for H3R26Cit (red) and H3K9me2 (green). DNA is stained with DAPI 
(blue). Scale bars represent 5 µm. Arrows indicate nucleoli. (B) Schematic structures of FLC (upper panel). 
The regions examined in ChIP experiments are indicated with solid lines under each region. TSS and stop 
codon are indicated. Filled boxes represent exons. (Lower panel) Relative enrichment of H3R26Cit on FLC 
chromatin in 9 days old seedlings of indicated genotypes; the values shown are means ± SD of three 
biological repeats. Significance of differential enrichment was determined by two-tailed Student’s t-test, 
P<0.01(*), 0.001(**), 0.0001(***). 
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3.5 ATRX genetically interacts with HIRA during male gametogenesis and embryo 
development.  
 
Both the regulation of FLC by ATRX through H3.3 enrichment and the similar 
subcellular localization pattern shared by ATRX and H3.3 suggest that Arabidopsis 
ATRX is likely to participate in H3.3 nucleosome dynamics. In mammalians, ATRX 
associates with Daxx, which is a histone H3.3 chaperone (Drane et al., 2010; Elsasser et 
al., 2012; Goldberg et al., 2010; Lewis et al., 2010). However, Daxx is not conserved in 
plants, suggesting a possible interaction of ATRX with other histone H3.3 chaperones. 
HIRA is the only known histone H3.3 chaperone that is conserved in plants and our 
group showed that its function is conserved in Arabidopsis (Nie et al., 2014). To test the 
potential interaction between ATRX and HIRA, I studied the segregation of atrx and hira 
in the double mutant atrx/+;hira/+ after selfing and observed that the double homozygous 
mutant is never produced. Reciprocal crosses with wild type plant using the following 
mutants: hira/hira;atrx/+ and hira/+;atrx/atrx  showed extremely reduced transmission 
of hira together with atrx through male gametes whereas transmission through female 
gametes was not affected significantly (Figure 30 A). Moreover, a relatively high 
percentage of aborted pollen was observed both in hira/hira;atrx/+ (35%) and 
hira/+;atrx/atrx (9%) mutants, suggesting that loss of function of both ATRX and HIRA 
affects pollen development (Figure 30 B). Thus ATRX and HIRA play a redundant role 




Figure 30. ATRX genetically interacts with HIRA during male gametogenesis. (A) Table of genetic 
crosses for transmission study with expected and observed percentage of offspring genotypes (number of 
offspring genotyped > 200). H: HIRA; h: hira; A: ATRX; a: atrx. (B) Microscopic image of mature pollen 
from Col-0 (left), hira/hira;atrx/+ mutant (middle) and hira/+;atrx/atrx mutant (right); Aborted pollens are 
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In agreement with the genetic data, I observed expression of ATRX-GFP in vegetative 
cell and sperm cells of pollen (Figure 31 A) whereas in female gametes, ATRX-GFP 
could only be detected in the egg cell but not in the central cell (Figure 31 C and D). This 
gametophytic expression pattern of ATRX-GFP is similar to that of HIRA-GFP 
(unpublished data from our lab). In addition, either pATRX-ATRX-GFP or pHIRA-HIRA-
GFP construct could rescue the lethality of hira and atrx double mutant since I obtained 
hira/hira;atrx/atrx plant expressing ATRX-GFP or HIRA-GFP protein. Collectively, 










Figure 31. ATRX expression pattern in gametes.  (A) Live imaging of different developmental stage 
of pollen from pATRX-ATRX-GFP (green) and pHTR10-HTR10-RFP (sperm cell specific, red) 
heterozygous line. DNA was stained by DAPI. Stars show RFP negative pollen and arrows show GFP 
negative pollen at bicelllular stage as control. Scale bars represent 5 µm. (B), (C) Live imaging of mature 
embryonic sac from pATRX-ATRX-GFP (green) and pFWA-mCherry (central cell specific, red) 
heterozygous line (B) and from pATRX-ATRX-GFP (green) and pEC1-H2B-RFP  (egg cell specific, red) 
heterologous line (C). Arrows and arrowheads indicate egg cell and central cell nuclei position, 





























Interestingly, I also observed aborted seeds (data not show) and a lower germination 
rate of seeds produced by hira/hira;atrx/+ (65%) and hira/+;atrx/atrx (89%) mutants 
whereas seeds from single mutant of atrx or hira does not show any defect (Figure 32 A). 
Moreover, a significant developmental delay of embryo (derived from fertilization of the 
egg cell with the sperm cell) but not endosperm (derived from fertilization of the central 
cell with the sperm cell) was observed in aborted seeds, suggesting that ATRX and HIRA 
are also required for embryonic development after fertilization (Figure 32 B).  
 
Since aborted pollen and seeds were not observed in single mutant of atrx or hira and 
these phenotypes were more pronounced in hira/hira;atrx/+ plant than in hira/+;atrx/atrx 
plant, these observations indicate that: 1) one copy of ATRX or HIRA is not sufficient to 
compensate the loss of both ATRX and HIRA; 2) the compensation of one copy of 
ATRX to the loss of both ATRX and HIRA is less efficient than that of one copy of 
HIRA. Thus a minimum amount of either ATRX or HIRA protein is required to ensure 












Figure 32 ATRX genetically interacts with HIRA during embryonic development. (A) Pictures of 4 
days old seedling on MS plants.  Germination rate are indicated in percentage (n > 400). Scale bars 
represent 1.8 cm. (B) DIC microscopic image of seeds from same silique of hira/hira;atrx/+ plant. Scale 
bars represent 50 µm.  
Progeny from hira/hira;atrx/+ 
B 
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3.6 Transcriptome analysis of atrx, h3.3 KD and hira mutants 
 
To study the function of ATRX in gene regulation and its relationship with H3.3 and 
HIRA at genome-wide scale, I conducted RNA sequencing (RNAseq) and obtained 
transcriptomes of wild type Col-0, atrx-2, h3.3 knock down (h3.3 KD) (obtained from H. 
Wollmann in our group) and hira plants. To have a general idea of how loss of function 
of ATRX could affect transcriptome during plant development, three developmental time 
points under standard long day condition were included in this study: 1) day 0 (24 h 
soaked seeds), the transition from seed dormancy to germination; 2) day 5 (5 days old 
seedlings) when plant enter vegetative growth; 3) day 10 (10 days old seedlings) when 
first true leaves are formed and flower transition is initiated. I obtained the differentially 
expressed gene (DEG) list of each mutant at each time point and divided each DEG list 
into 2 groups: up-regulated genes and down-regulated genes and compared DEG lists 
from same category (same time point and same group) of the 3 mutants. The results show 
that there is a significant overlap of the DEG in h3.3 KD and hira at all time points, 
which supports further the role of HIRA as a conserved H3.3 chaperone in Arabidopsis 
(Nie et al., 2014) (Figure 33 A). In general, genes that are down-regulated in atrx-2 are 
also frequently down-regulated in h3.3 KD and/or hira (49% at day 0, 55% at day 5 and 
58% at day 10) whereas the up-regulated DEG are less shared between the three mutants 
except at day 5 (Figure 33 A). These data suggest that: 1) ATRX is likely to work with 
H3.3 and/or HIRA together to regulate gene expression; 2) ATRX plays a minor role 
during germination (day 0) compared to HIRA, which is consistent with the stronger 
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reduction of the germination rate of seeds from hira/hira;atrx/+ plant compared to seeds 
from hira/+;atrx/atrx plant (See section 3.5 and Figure 32 A).  
 
Interestingly, I also observed that the DEG lists of the same mutant from three time 
points are poorly overlapped (Figure 33 B). This suggested that at different time points 
ATRX, H3.3 and HIRA affect expression of different group of genes and their effects on 
most of genes do not extend from one developmental time point to another. It is not 
possible to distinguish primary targets from secondary effects with RNAseq data in 
absence of ATRX ChIPseq data. Yet the strong overlap of DEGs in h3.3 KD and atrx-2 
or hira at the given developmental time point suggested a general mechanism of H3.3-











Figure 33 RNAseq analysis of atrx-2, h3.3 KD and hira mutants.  (A) Venn diagrams of DEG list from 
the indicated genotypes at the same time point: day 0, 5 or 10. (B) Venn diagrams of DEG list from three 
time points of the same genotype: atrx-2, h3.3KD or hira. Both the total number (in colour) and shared 
number (in black) of genes are indicated.  
atrx-2 h3.3 KD hira 
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Amongst the various genes affected in concert by the three loss of function, FLC stood 
out as an exception. In both h3.3 KD and hira mutants FLC is down-regulated at day 0, 5 
and 10, whereas in atrx mutant, FLC expression is not affected at day 0 but up-regulated 
at both day 5 and 10 (Figure 34). Accordingly, the late flowering phenotype was not 
observed neither in h3.3 KD nor in hira mutant (data not shown). It is known that FLC is 
highly expressed in the seed to suppress flowering initiation and is gradually repressed to 
a basal level after germination to promote flowering (Jiang et al., 2008). Indeed, ATRX 
did not affect FLC levels at day 0 Figure 3.6b), suggesting that ATRX is specifically 

































Figure 34 FLC is only upregulated in atrx mutant. Relative fold change of FLC from RNAseq results of 
the indicated genotypes at three time points: day 0, 5 and 10. Positive numbers indicate up-regulated fold 









































Chapter 4: Discussion & Conclusion 
 
The aim of this study was to identify and understand the unknown deposition 
machineries of histone H3.3 variants in plants using Arabidopsis thaliana as model 
system. In this study, I characterized the functions of the potential candidate of 
Arabidopsis histone H3.3 chromatin-remodeling factor: ATRX. 
 
4.1 Evolution and conservation of ATRX 
 
In contrast to previous findings (Flaus et al., 2006), during my studies ATRX 
homologues were also identified in protists and fungi kingdoms and shared features with 
Rad54, as also shown in plants and animals, suggesting that the ATRX helicase probably 
evolved from Rad54 in a common ancestor to Eukaryotes. Unlike the ATRX helicase 
domain that defines the entire subfamily of proteins, the ADD domain found in 
vertebrates and plants is absent in protists and fungi genomes and is not always present 
together with the ATRX helicase in invertebrates. This indicates that the ADD domain 
likely evolved independently and associated with the ATRX helicase only in certain 
phyla. To trace the origin of the ADD domain I searched homologies amongst proteins 
containing complex Zn Finger domains and found that DNA (cytosine-5)-
methyltransferase 3 (DNMT3) and DNMT3-like (DNMT3L) have a similar arrangement 
of 6 pairs of cysteine (CXXC) as the ADD domain. However, at the 4th pair of cysteine, 
DNMT3L have a “CXXXXC” instead of “CXXC” in ADD (Figure 35 A). Interestingly, 
in the sponge Amphimedon queenslandica, the 4th pair of cysteine is “CXXXC” that may 
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be an intermediate form between ADD and DNMT3L (Figure 35 A). In invertebrates 
both ADD and DNMT3L are not well conserved and their presence is not correlated 
(Figure 35 B). For example, DNMT3L is absent in Drosophila melanogaster (which is 
consistent with its absence of DNA methylation) but the ADD domain is present. Thus 
how the evolutionary origin of the ADD domain and its association with the ATRX 
helicase domain remain unclear.  Nevertheless, this phylogenetic analysis of ATRX 
revealed an ancient origin of the ATRX helicase and also revealed that association of the 
ADD domain with the ATRX helicase domain occurred in both plants and vertebrates, 
suggesting a unique function of ATRX amongst the Snf2 family members. However, 
given that plant ATRX have a different organization of ATRX functional domains (ADD 
and helicase) including an additional potential helical domain and does not contain the 
HP1 interaction motif compared to vertebrate ATRX, it is most likely that functions of 















Figure 35 DNMT3L may be derived from ADD. (A) Comparison of the six pairs of “CXXC” motif of 
ADD and DNMT3L. (B) Presence of ADD and DNMT3L in selected organisms of invertebrates. Stars 







Invertebrates Presence of ADD Presence of DNMT3L 
  Caenorhabditis elegans NO NO 
  Amphimedon queenslandica YES YES 
Ciona intestinalis YES YES 
Daphnia pulex YES* YES 
Drosophila melanogaster YES* NO 
Nematostella vectensis YES YES 
Strongylocentrotus 
purpuratus YES* NO 
Hydra vulgaris YES YES 
CXXC        CXXC         CXXC         CXXC 
CXXC        CXXC         CXXC         CXXXC 
CXXC        CXXC         CXXC         CXXXXC 
1                2                 3                 4                    5                 6 
CXXC        CXXC  
CXXC        CXXC  








4.2 Role of Arabidopsis ATRX in flowering time control through repression of FLC  
 
The phenotypical analysis of atrx mutant alleles revealed that ATRX positively 
regulates flower transition through the repression of the central flowering repressor, FLC. 
I further demonstrated that loss of ATRX affects accumulation of H3K27me3 at FLC 
regulatory loci and that ATRX genetically interacts with PRC2 complexes to repress FLC 
in a synergistic manner.  Moreover, the observation that histone H3.3 enrichment was 
decreased at the FLC regulatory element and translational end site in atrx mutant 
suggests that ATRX is likely involved in H3.3 dynamics and is required for FLC 
repression during floral transition.  Although it is still not yet clear how enrichment of 
H3.3 could affect gene repression in this study, a recent study in mouse ES cells 
demonstrated that HIRA-dependent histone H3.3 deposition facilitates PRC2 recruitment 
at developmental loci (Banaszynski et al., 2013). It is thus possible that in Arabidopsis, 
not HIRA but ATRX-dependent histone H3.3 deposition facilitates PRC2 recruitment at 
FLC locus for repression.  
 
It is generally observed both in animals and plants that H3.3 is associated with 
translationally active genes and the enrichment of H3.3 positively correlates with the 
level of gene expression (Ahmad and Henikoff, 2002; McKittrick et al., 2004; Schwartz 
and Ahmad, 2005; Stroud et al., 2012; Talbert and Henikoff, 2010; Wollmann et al., 
2012). However, loss of ATRX resulted in increased expression of FLC that is associated 
with decreased but not increased enrichment of H3.3 at FLC locus. This apparent paradox 
can be explained by the following: 1) FLC is highly active in the seed but remains only at 
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a basal level during vegetative growth in summer annuals like Col-0 (Amasino, 2010; 
Jiang et al., 2008), this basal expression of FLC may not depend on H3.3 enrichment 
entirely; 2) ATRX regulates H3.3 dynamics in a spatial and temporal manner.  Indeed, 
the RNA sequencing results revealed that decrease of H3.3 (h3.3 KD) is associated with 
down-regulation of FLC at all three time points (seed, 5 and 10 days old seedlings) 
whereas loss of ATRX only affects FLC expression at 5 and 10 days old seedlings in a 
opposite manner, suggesting a temporal involvement of ATRX. In addition, loss of 
ATRX is required for H3.3 enrichment at FLC regulatory region, suggesting a spatial 
(selective loci) involvement of ATRX. These results suggest that spatial and temporal 
controls of H3.3 dynamics are required for the proper repression of FLC. Thus I propose 















4.3 Arabidopsis ATRX subcellular localization and binding of H3R26Cit  
 
Mammalian ATRX is enriched at pericentric heterochromatin and telomeres at 
interphase and associated with condensed chromosome through interaction with HP1 
during chromosome segregation of both mitosis and meiosis (Baumann et al., 2010; 
Berube et al., 2000; De La Fuente et al., 2004; McDowell et al., 1999; Ritchie et al., 
2008). This subcellular localization pattern requires both the ADD domain and the HP1 
interaction motif. The ADD domain is absent in Drosophila ATRX homologue, XNP, 
and the two translational isoforms of XNP have distinct subcellular localization 
depending on the presence or absence of the HP1 interaction motif (heterochromatin or 
euchromatin, respectively) (Bassett et al., 2008; Emelyanov et al., 2010). In this study, I 
showed that Arabidopsis ATRX is only enriched at euchromatin and nucleolar rDNA foci 
at interphase somatic cells and does not associate with condensed chromatin in somatic 
cells at metaphase during mitosis.  
 
Although the HP1 interaction motif is not conserved in plant ATRX, the ADD domain 
is present but essential amino acid residues that confer binding of modified H3 are not 
conserved. Consequentially, the atADD domain does not preferentially bind to histone 
H3 with H3K4me0 and H3K9me3 as the hsADD but I discovered that atADD binds to 
histone H3 tail decorated by H3R26Cit in vitro. Moreover, I showed the presence of 
H3R26Cit in Arabidopsis and found that the subcellular localization of H3R26Cit shared 
similar feature with ATRX and H3.3 especially at nucleolar rDNA foci. Interestingly 
 108!
Arabidopsis ATRX is required to maintain the level of H3R26Cit in vivo, suggesting a 
positive feedback loop between H3R26Cit production and ATRX function. 
 
 Since H3R26Cit signal is also present at condensed heterochromatin, H3R26Cit could 
be present on both H3.1 and H3.3. Interestingly, in atrx mutant, the level of H3R26Cit 
decreased especially in the nucleolus where H3.3 but not H3.1 is enriched and both H3.3 
and H3R26Cit enrichment decreased at FLC chromatin. These data suggest that ATRX 
may preferentially bind to H3.3 that carries H3R26Cit. Another supporting observation 
for this hypothesis is that the positions of H3K4me0 and H3K9me3 where hsADD binds 
are separated by four amino acid residues. Coincidentally, the amino acid at 31st position 
that distinguishes H3.3 from H3.1 is also four amino acids residues away from H3R26Cit 
(Figure 36). Regarding the high conservation of “CXXC” motifs that ensure the ADD 
domain 3D structure, it is possible that atADD binds to H3R26Cit and H3.3T31. With 
additional biochemical and developmental data, the biological function of H3R26Cit and 
















Figure 36 atADD may preferentially bind to H3R26Cit on H3.3. Binding of hsADD to K4me0 and 
K9me3 on human histone H3 peptide (upper panel). Possible binding of atADD domain to R26Cit and T31 
on Arabidopsis histone H3.3 peptide (lower panel). Numbers indicate the amino acid position on histone 
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4.4 Interaction between ATRX, HIRA and H3.3  
 
The loss of H3.3 at the FLC chromatin in absence of ATRX suggests that Arabidopsis 
ATRX is involved in deposition of H3.3 as shown in mammals. However, in absence of a 
plant Daxx homologue, we investigated the potential involvement of the conserved H3.3 
chaperone HIRA as an alternative to Daxx in H3.3 deposition guided by ATRX. The 
similar subcellular localization shared by HIRA (Nie et al., 2014), H3.3 and ATRX 
further supports this idea together with the synergistic effect of combined losses of 
ATRX and HIRA. The reduced joint transmission of atrx and hira by male gametes and 
embryos also suggests that Arabidopsis ATRX and HIRA act redundantly at least during 
male gametogenesis and embryonic development. Both ATRX-GFP and HIRA-GFP can 
be detected in the vegetative cell, the sperm cell and the egg cell but not in the central 
cell. This expression pattern correlates with the replacement of histone H3.1 by H3.3 
during gametogenesis in the vegetative cell, the sperm cell and the egg cell (Figure 37) 
(Ingouff et al., 2010). Moreover, parental H3.3 and cenH3 from the gametes are removed 
and replaced by newly synthesized H3.3 and cenH3 in the zygote right after fertilization 
(Figure 37) (Ingouff et al., 2010). Thus ATRX and HIRA could be involved in dynamics 
of these two major histone variants during gametogenesis and embryo development. This 
redundancy of ATRX and HIRA on H3.3 dynamics was also reported in Drosophila 
(Schneiderman et al., 2012). However, due to the presence of the conserved ADD domain 
and the additional potential plant specific helical domain, functions of Arabidopsis 
ATRX is likely to be more complex than the Drosophila ATRX.  
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The analysis of RNA sequencing data further supported the association of ATRX, 
HIRA and H3.3 to the genomic level. The significant overlap of misregulated genes in 
atrx, hira and h3.3 KD reflects that ATRX and HIRA share similar gene targets requiring 
H3.3 nucleosome dynamics.  This genomic result is in agreement with the genetic result 
of the synthetic lethality by loss of both ATRX and HIRA. Yet, the different effects of 
atrx, hira and h3.3 KD at successive developmental time points also suggest that 
although ATRX and HIRA could act redundantly to some degree, they may also play a 
different role in a spatial and temporal manner to regulate H3.3 dynamics.  I propose thus 
a general mechanism of H3.3-dependent gene regulation facilitated by ATRX and/or 







Figure 37 Gametophytic expression patterns of histone H3 variants, ATRX and HIRA. Star (*) labels 






Collectively, my results suggest that Arabidopsis ATRX regulates H3.3 dynamics in a 
unique manner that differs from both mammalian and Drosophila ATRX. Regarding the 
relatively high conservation of ATRX in plants kingdom, a similar function may likely to 
be conserved in other plant species.   
  
4.5 Future prospects 
 
This study revealed the function of the multiple domains containing protein ATRX in 
Arabidopsis thaliana. Although I showed that the involvement of ATRX in floral 
transition, male gametogenesis and embryonic development is linked to its interaction 
with H3.3 and/or HIRA, the detailed mechanism is still unclear.  
 
Since the ATRX helicase has distinct features compared with other Snf2 helicases, it 
will be essential to determine the type of chromatin-remodeling reaction that is performed 
by ATRX helicase. In mammals, the absence of an appropriate in vitro assay method 
together with in vivo domain dissection or mutagenesis in a developmental context has 
prevented it from properly address this long-standing question. On the contrary, the 
Arabidopsis atrx mutant is associated to developmental phenotypes that are easy to 
quantify and thus provides an excellent working model to perform a domain functional 
analysis of ATRX helicase. Depending on the expected activity associated to a particular 
domain a suitable in vitro biochemical assay will be developed to test further the 
properties conferred by each domain using purified recombinant ATRX. Thus it will be 
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possible to ascribe a function to each specific domain and important amino acid residues 
in Arabidopsis ATRX.  
 
The other major research perspective opened by my results is the study of the origin 
and role of H3R26Cit modification in Arabidopsis. How this modification is produced in 
absence of obvious plant PADs homologues is a challenging question that requires more 
extensive researches based on conservation of functional domains of PADs amongst 
Arabidopsis proteins. The biological function of H3R26Cit is certainly still unclear but 
we already know that it is related to ATRX and relies on ATRX activity. Whether the 
maintenance of H3R26Cit by ATRX relies on transcriptional regulation or on the direct 
role of ATRX on H3.3 dynamics must be tested. It is also possible that ATRX reads 
H3R26Cit, and this binding might be specific for H3.3R26Cit. What mediates this 
binding will be revealed using ATRX with mutated domains. The consequence of this 
binding remains unclear but might affect ATRX function directly. ChIP sequencing assay 
for both ATRX and H3R26Cit would reveal their global distribution and contribute to 
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